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ABSTRACT

Genetic Underpinnings of Novel Trait Development in a Euwallacea-Fusarium Mutualism
Elaina J. Spahr
Evolutionary Developmental Biology seeks to answer fundamental questions about the
mechanisms underlying the evolution and innovation towards increasing structural complexity
within the body plan. The ambrosia symbiosis, a polyphyletic group of xylem-feeding beetles,
provides a wealth of diversity in novel pouch-like structures called mycangia. This diversity
could serve as a rich model for understanding how mutualisms may prompt structural innovation
and diversification in a host organism. The ambrosia symbiosis has become a fast-growing
research subject in entomology and forest pathology but has yet to experience the same
attention under the lens of evolutionary developmental genetics.
Development of mycangia was examined in a local ambrosia beetle species, Euwallacea
validus, across lifestage and between sexes using micro-computed tomography. Previously
considered a sex-specific trait, these observations uncovered a nascent mycangium-like space
in the male head. Furthermore, a second set of paired pouches was observed at a lower, lateral
position in both sexes. To identify developmental programs that may have been co-opted to
form this novelty, expression of three candidate genes (doublesex (dsx), breathless (btl), and
trachealess (trh)) were examined across multiple maturity points for female and male beetles,
followed by functional analysis via RNA Interference. In line with developmental observations,
results suggested insect sex-determination does not regulate the initiation of mycangia.
However, btl and trh expression was sustained in the head across development and phenotypic
results of RNAi suggested involvement in mycangial morphogenesis.
To establish the contribution of gene sequence to the novel spore shape observed within
the beetle-associated Ambrosia Fusarium Clade (AFC), select genes from the conidiogenesis
pathway were assessed across the genus for divergence. Topology of constructed phylogenies
suggests that gene sequence is not a driving factor of the modified conidial shape, but individual
mutations could alter structure and function. Hydrophobins represent a class of secreted, selfassembling proteins that have implications for adhesion, spore dormancy, and even virulence.
Hydrophobin sequences were identified across Fusarium and classified by groups to highlight
conserved trends across Fusarium and within the AFC. Through this approach, we were able to
discern clade-specific hydrophobins that may play specialized roles in Fusarium. Furthermore,
unique protein candidates were found in only clavate spore-producing species linking novel
protein with novel symbiosis adaptation.
This work has resolved development of preoral mycangia in E. validus and provided the
first evidence of co-opted genetic targets in the construction of an evolutionary novelty within
ambrosia symbioses. Comparative proteomic analyses identified unique targets that may serve
as the first interface between symbiont and host, creating a foundation for investigations
surrounding host-symbiont recognition within this beetle-fungal mutualism.
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Chapter 1. Evolution, Development, and Symbiosis
Introduction
The ambrosia symbiosis represents a rich source of diversity for evolutionary novelties in
response to the repeated evolution of obligate nutritional mutualisms. Ambrosia beetles belong
to two subfamilies of xylem feeding weevil (Coleoptera: Curclionidae; Scolytinae and
Platypodinae). With over 3500 extant species, there are an estimated 11 independent
evolutionary origins of this strict nutritional mutualism within this polyphyletic group that also
correspond with the evolution of novel symbiosis-associated structures (Hulcr & Stelinski 2017).
These novel structures called mycangia are pouches or pits of varying location and complexity
that serve to vector nutritional symbionts between trees. The fungal symbionts vary between
associations, yet this nutritional symbiosis has prompted, in parallel, the evolution of similar
structures across the body.
When examining evolutionary novelties under the lens of developmental genetics, we
seek to uncover the genes from which the identity of the novel character is derived. In the
evolution of a novel trait, an organism can utilize existing components of its developmental
toolset to generate a new gene regulatory network (GRN). The concept of genetic co-option
requires changes within the regulatory environment of an existing gene to modulate its
expression either in a new location within the body plan or during a new period in development.
By co-opting different genes and their downstream targets to a new developmental
environment, innovation can be added to a given developmental process without having to
evolve a new set of genetic tools. To infer which genes may have been co-opted within a new
GRN, we can first examine the genetic components of similar anatomical structures or
developmental processes. In the context of the ambrosia symbiosis, mycangia are considered
an evolutionary novelty and their parallel evolution has created a wealth of structural diversity
across multiple subfamilies. When the common thread between these novelties is a close
nutritional reliance on fungal mutualists, this parallel evolution begs to question whether
nutritional mutualisms are driving the evolution of symbiosis-associated traits. To understand
the novel GRNs used to pattern these novel structures is to gain insight as to how such
symbioses might prompt novel structural evolution.
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While discussing evolution within the context of symbiosis, we must consider the
selective pressures exerted upon the system. One theory within evolutionary developmental
biology is that of niche construction. Niche as an ecological concept can either refer to the role
of an organism within an environment or is often used as a synonym for the habitat which it
occupies (Vandermeer et al., 1972; Whittaker et al., 1973). This discrepancy in definition
between ‘function’ and ‘place’ has led to a range of interpretations of the related theories and
concepts. Odling-Smee et al. (1996) posited that environment-altering behaviors create a
generational accumulation of niche construction which allows for a redirection of selective
pressures and creates adaptive radiation; more plainly, organisms do not simply mold to their
environment but modify it with cascading consequence. The definition is vague and as such
interpretations can ascribe to the multiple meanings of ‘niche’. An early example of niche
construction by Lee (1985) proposed that the earthworm’s burrowing lifestyle augments the soil
in a way that promotes microbial diversity and thus the enrichment of soil chemistry and
structure over time so that their progeny reside in an environment altered, in part, by their own
making. In this case, earthworm progeny inhabit the macroenvironment which is altered by
ancestral modifications and, as such, are not relegated to the same tunnels occupied by their
parents. Other examples are more rigid, such as beaver dens; this construction occurs in a
literal sense and modifies the immediate environment through the creation of a dam (Laland et
al., 2016). Furthermore, progeny can inhabit this same structure thus the generational
consequence of the behavior can be examined in the same physical space. If ambrosia beetles
can be considered within the definition of niche construction, they better fit the looser
interpretation of the theory. Their ecological niche is typified by their adaptation to
xylomycetophagy in contrast to their phloem feeding bark beetle relatives. This adapted
behavior of fungal culturing modifies their ability to tolerate a traditionally nutritionally poor
woody environment where lignocelluloses are abundant, yet their bioavailability would otherwise
be restricted. This association has also adapted the way beetles interact with the tree
environment by their construction of galleries within the cambium tissue, which allows for fungal
mutualists to flourish in the xylem with reduced pressures from tree defenses, resulting in niche
expansion for fungal partners. In further consequence, the reproductive tree hosts of the beetle
can be expanded by the tolerance of their symbiont (Hulcr et al., 2007). Laland et al (2016)
suggested one such tenant and outcome of this theory is that “there must be an evolutionary
response in at least one recipient population caused by the environmental modification”. In line
with the consequences of niche construction theory, this lifestyle adaptation has radiated
throughout the Scolytine and Platypodine sub-families in independent iterations while prompting
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the evolutionary adaptations that are mycangia (Hulcr & Stelinski 2017). However, the success
of this niche is reliant on the contributions of both beetle and symbiont and as such may drive
the coevolution of partners (e.g. Laland et al., 2016). Whether you ascribe to a strict or
permissive definition of niche -- or simply believe niche construction is a natural consequence of
evolution -- it is clear this symbiosis has alleviated environmental constraints for both partners.
Symbioses exist on a continuum between mutualism and parasitism. Maintaining a
mutually beneficial relationship requires a balance between the demands of host and symbiont.
In cases where the symbiont demands are too great upon the host, this balance can shift
towards parasitism. In facultative symbiosis, when the symbiont’s nutritional contribution can be
fulfilled through environmental acquisition, the cost of maintaining the mutualism can outweigh
its contribution and the relationship can be lost. There is a potential for plasticity within these
relationships that requires careful regulation from each partner organism to balance the
association. As symbiotic partners often require physical interface, this specificity relies on bidirectional communication and strict host regulation, often facilitated by symbiont partitioning.
Several model systems for mutualisms exhibit such structural adaptations to accommodate an
externally acquired symbiont within the host body. By examining these classical symbioses and
the role of the symbiosis-associated novelties, we can examine the mechanisms involved in
signaling, development, and regulation and aim to uncover the corollary within ambrosia beetle
mutualisms.
The Hawaiian Bobtail Squid (Euprymna scolopes) partitions its bacterial symbiont, Vibrio
fischeri, into a specialized light organ or photophore. The bioluminescence produced by V.
fischeri provides counterillumination during nocturnal feeding to reduce predation. This light
organ is found in the body center. Mucociliary appendages surround small pores that open into
a bilateral pair of internal crypts, terminating in small fingerlike duct structures that ultimately
house the bacterial mutualists. The mechanisms of selection and maintenance are well studied
and provide a unique insight into a highly specific Animal-Bacterial association. Signaling
between bacteria and squid must occur to restrict entry of non-symbionts while also permitting
V. fischeri to escape restrictive measures. After emergence of the larval squid state, bacterial
cell wall fragments (peptidoglycans) in the ocean water trigger mucous secretion from the
ciliated epithelium of the nascent light organ (Koropatnick et al, 2014). These secretions form a
selective barrier; nitric oxide and other antimicrobial compounds exclude environmental bacteria
while priming V. fischeri for entry into the light organ lumen (Davidson et al., 2004; Kremer et al.,
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2013). Once V. fischeri cells interact with the epithelium, transcriptional changes occur in the
host to generate a chemoattractant gradient into the ducts as the squid initiates chitin
degradation at the pore surfaces (Kremer et al., 2013). Persistent colonization of the crypts also
induces further morphological changes in the squid; the previously columnar epithelial cells of
the light organ crypt become cuboidal and lumen volume increases while microbe-associated
molecular patterns (MAMPs) produced by V. fischeri induce apoptosis of the epithelial cilia
(Koropatnick et al., 2004; Kremer et al., 2018). This symbiont-directed maturation of host
morphology not only accommodates V. fischeri, but removes features only needed for initial
acquisition. This communication between partners occurs throughout the symbiosis; quorum
sensing regulates a diel cycle of bacterial expulsion and regrowth within the light organ to
regulate population growth. The squid is responsible for facilitating symbiont entry but also
restricting over-proliferation. Host monitoring of bacterial luminescence occurs via eye-like
features within the novel organ, which include a lens and photoresponsive elements. Peyer et
al. (2013) localized four eye specification genes to the light organ during development,
suggesting that core genes required for eye formation have been co-opted in the construction of
the photophore. While the nascent structure develops independent of the symbiont, bacterial
signals are required to generate the mature shape. Further examining transcription of these
genes between wild type and aposymbiotic individuals shows expression of select eyeassociated genes only when the symbiont is present, illustrating an added layer of potential
bacterial-driven regulation of co-opted, symbiosis-associated genes (Peyer et al., 2013). This
system paints an interesting picture of host-symbiont response, both to a multitude of specific
and general bacterial MAMPs, as well as symbiont colonization modulating co-opted gene
expression and maturation of a novel symbiosis-associated organ within the host body.
A similar story is told within the legume-Rhizobia mutualisms. The root nodulation
process in legume-Rhizobia symbioses serves to partition Rhizobia in intracellular spaces so
that specialized reactions can occur without ingress into other host tissues. Rhizobia can sense
root flavonoid exudates in the soil environment and respond by producing lipochitooligosaccharides, or Nod factors, which in turn induce changes in the host cells (Truchet et
al., 1991). Across Rhizobia, there is a multitude of nod genes that allow for the biosynthesis of
diverse Nod factors to regulate host response and cellular differentiation across the multiple
stages of symbiont acquisition. Rhizobia adhere to the exterior of root hairs where surface
receptors bind secreted Nod factors to initiate root hair curling and the formation of an infection
thread (Truchet et al., 1991). The nodulation process begins in the root once Rhizobia have
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migrated into the root cortex. Nod factors trigger the differentiation of nodule tissues and
discrete zones form wherein Rhizobia reduce atmospheric nitrogen (N2) to ammonium (NH4+)
(Vasse et al., 1990). In several model systems, it has been shown that the transcription factor
NODULE INCEPTION (NIN) regulates core genes for induction of infection threads and nodules
(Schauser et al., 1999). Recent studies in Lotus japonicus and Medicago truncatula have
illustrated co-option of a transcriptional activator involved in lateral root production (ASL18) in
legumes. A NIN binding site drives expression of ASL18 and its downstream targets within the
legume root cortex during nodulation (Schiessl et al., 2019; Soyano et al., 2019). In specific
relationships, some Rhizobia undergo terminal bacteroid differentiation after colonization of the
nodule. Bacteroid differentiation is guided by plant nodule-specific cysteine-rich peptides and
increases size -- both physical and in genome copy -- of the bacteria for increased efficiency of
symbiotic nitrogen fixation (as reviewed by Alunni and Gourion, 2016). Once again, novel
features in both partners require input from the other organism to begin signal transduction and
the relevant symbiosis-associated gene expression. In this case, not only is symbiont regulation
required for morphological induction in the host, but the host can drive specialization in the
symbiont once acquisition is complete.
There is support for these facets of host-symbiont communication within the ambrosia
beetle symbiosis. Glandular cells and secretory function have been implicated in the mycangia
of many beetle species (Schneider & Rudinsky 1969; Barras & Perry 1971; Happ et al., 1976;
Yuceer et al. 2011). Only select symbionts are routinely retrieved from the mycangia of their
partners, indicating that some level of selection protects against environmental contaminants.
Fungal selection via mycangial secretions has been proposed repeatedly but, while fluid has
been observed within mycangia, secretory composition has not been directly assessed
(Schneider and Rudinsky, 1969; Barras and Perry, 1971; Happ et al., 1971; Yuceer et al. 2011).
Finally, fungi appear to be stored within the mycangia as hyphal fragments or as a yeast-like
phase, suggesting host regulation and maintenance of symbiont form (as reviewed by Mayers et
al., 2022). It is unclear if and to what extent mycangial development and maturation is directed
by their nutritional symbiont or the specific mechanisms by which selection and regulation are
imparted by the host. While classical models of symbiosis have identified the mechanisms by
which partners drive novel morphological development, the propensity for symbionts to direct
host morphology has been implicated more ubiquitously than in novel trait development alone.
Gut endosymbionts have been shown to drive gut morphology in mice, zebrafish, and
mosquitoes (Stappenbeck et al., 2002; Rawls et al., 2004; Coon et al., 2014). Wolbachia
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reproductive symbionts are prolific across arthropods and analyses estimate 20-60% or more of
species harbor Wolbachia bacteria (Hilgenboecker et al., 2008). In the parasitic wasp Asobara
citri, removal of the Wolbachia symbiont inhibited oogenesis suggesting strict regulation of wasp
oocytes by Wolbachia (Dedeine et al., 2001). We know that the environment can direct
phenotype; if we view these symbionts to be a pervasive, albeit obligate, factor of the insect
environment it is not a stretch to imagine that the host might be guided by such in phenotypic
response and development. Furthermore, despite diverse fungal symbionts, the repeated,
parallel evolution of both nutritional symbiosis and mycangia points to an association between
environmental niche and novel structural adaptation.
This link between fungal nutritional symbiosis and novel structural adaptation can be
found in other insect systems. Mycangia are found in siricid wood wasps (Hymenoptera:
Siricidae), gall midges (Diptera: Cecidomyiidae), and lucanid stag beetles (Coleoptera:
Lucanidae), all of which bear nutritional associations with fungi at the larval stage. In contrast to
the positional diversity observed across ambrosia beetles, these iterations of mycangia are
found in the anterior abdomen and functionally correspond with oviposition (Kajimura, 2000;
Tanahashi et al, 2010, Heath & Stireman, 2010). In all three associations, mycangial
transmission of symbionts during egg laying increases fitness in the plant environment for the
associated larvae. In the case of wood wasps and stag beetles, these adaptations also occur
within a woody environment. This larval-fungal association can be observed in the larger
Scolytinae subfamily, too. Some species of bark beetles that do not engage in obligate
mycophagy may still possess mycangia or mycetangia to vector fungi for feeding during the
larval stage. This has been theorized to represent a possible evolutionary intermediate between
opportunistic mycophagy in phloem-feeding bark beetles and strict nutritional mutualisms of
ambrosia symbiosis (Hulcr & Stelinski 2017).
In ambrosia mutualists, the diversity in fungal associates also belies a diversity in wood
degradation and pathogenic potential. While most relationships involve weak saprophytes, each
introduction presents an opportunity for the emergence of novel disease within the introduced
range. One of the most prominent and devastating ambrosia beetle-vectored diseases is found
in the symbiosis between the redbay ambrosia beetle, Xyleborus glabratus, and Raffaelea
lauricola. Laurel wilt, caused by R. lauricola, causes severe dieback and mortality in avocado
(Persea americana) and other lauraceous trees, such as the arboriculturally valued redbay
(Persea borbonia), swampbay (Persea palustris), and sassafrass (Sassafrass albidum). The
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redbay beetle is native to Asia but was first detected in the United States east coast in 2002.
When sampling laurel wilt infected swampbay trees, a survey recovered R. lauricola not only
from the X. glabratus beetle host, but also from an additional 7 ambrosia beetle species
highlighting a possible concern for lateral transmission of symbionts within a shared tree
environment (Carrillo et al., 2014). The polyphagous shot-hole borer (Euwallacea sp.) – vector
of Fusarium euwallacea - is another detriment to avocado production in the United States and
Israel and has recently been identified in London Plane (Platanus x acerifolia) in South Africa
(Carrillo et al., 2016; Mendel et al., 2012; Paap et al., 2018). Tree hosts often differ between
native and introduced ranges and, as the expansion of ambrosia beetles into non-native ranges
continues to be facilitated by global trade, it is expected that new fungal-tree interactions may
provide additional opportunities for disease and an increased potential for symbiont swapping
when reproductive hosts overlap.
As these symbioses gain more traction in symbiosis research, our ability to understand
the dynamics within these relationships relies on categorizing methods of selection, restriction,
and communication. Furthermore, in order to establish ambrosia beetles as a laboratory system
for evolution of symbiosis and structural novelties, these fundamental questions surrounding
evolution and development need to be addressed first in individual beetle species, in their fungal
symbionts, and then extended across the larger taxa as a whole. We seek to begin this process
by using Euwallacea validus to study organogenesis across development, to identify key genes
responsible for mycangial patterning, and to begin evaluating the genetic underpinnings of
novelty across the AFC.
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Chapter 2. Micro-Computed Tomography Permits Enhanced Visualization of Mycangia
Across Development and Between Sexes in Euwallacea Ambrosia Beetles
Published as Spahr et al., 2020 in PLoS One
https://doi.org/10.1371/journal.pone.0236653
Abstract
Symbiosis can facilitate the development of specialized organs in the host body to maintain
relationships with beneficial microorganisms. To understand the developmental and genetic
mechanisms by which such organs develop, it is critical to first investigate the morphology and
developmental timing of these structures during the onset of host development. We utilized
micro-computed tomography (μCT) to describe the morphology and development of mycangia,
a specialized organ, in the Asian ambrosia beetle species Euwallacea validus which maintains a
mutualistic relationship with the Ascomycete fungus, Fusarium oligoseptatum. We scanned
animals in larval, pupal and adult life stages and identified that mycangia develop during the late
pupal stage. Here we reconcile preliminary evidence and provide additional morphological data
for a second paired set of structures, including the superior, medial mycangia and an inferior,
lateral pair of pouch-like structures, in both late-stage pupae and adult female beetles.
Furthermore, we report the possible development of rudimentary, or partially developed pairs of
medial mycangia in adult male beetles which has never been reported for any male Xyleborini.
Our results illustrate the validity of µCT in observing soft tissues and the complex nature of
mycangia morphology and development.

Introduction
Symbiotic relationships can affect the development of the host body. Non-obligate twopartner systems have allowed for detailed examinations of how symbiotic partners may direct
development in one another. Recent work in the Vibrio-Euprymna squid symbiosis has
examined the role the bacterial symbiont V. fischeri plays in directing and maintaining “mature”
morphology in the light organ of the squid (Kremer et al., 2018). Persistent colonization of the
bacterial symbiont is required to efficiently regress surface epithelia and maintain the mature
interior organ cell types (Kremer et al., 2018). Another prominent model for symbiont-directed
host morphogenesis can also be found in the Rhizobia-legume symbiosis (as reviewed by Gage
2004). Presence of the microbial symbiont triggers differentiation within the legume host root to
begin the root nodulation process (Dénarié et al., 1992). The legume responds to Rhizobia
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bacteria by forming primary nodules and modifying root hair structure to allow Rhizobia into the
root interior. Once the relationship is established, both nodules and bacteria will differentiate
and reach a mature symbiotic state. Bacteria have contributed to both animal and plant
symbioses and as such are prominent models for studying development in mutualistic
partnerships. Fungi have also contributed to a number of important symbioses, yet their role in
shaping host development remains unclear.
Fungus farming, perhaps the best-known example of fungus-mediated symbiosis, has
evolved in multiple insect lineages as either a sole nutrition source or to supplement dietary
needs (Mueller et al., 2005). Ecology and evolution of fungus farming has been studied
extensively within Hymenoptera (ants), Blattodea (termites), and Coleoptera (beetles) (Mueller
et al., 2005; Hulcr and Stelinski, 2017). In ants and termites, mycophagy has evolved only once
and radiated spectacularly leading to the diverse extant clades that exist today (Mueller and
Gerardo, 2002; Aanen et al., 2002). In contrast to ants and termites, beetles have evolved
nutritional symbioses with fungi multiple times throughout the Coleopteran order (Mueller and
Gerardo, 2002; Jordal and Cognato, 2012).
Ambrosia beetles represent two sub-families of weevils (Curclionidae: Scolytinae,
Platypodinae) that maintain obligate nutritional mutualisms. In the ambrosia symbiosis, obligate
nutritional symbioses have evolved in parallel with an estimated 11 independent origins of
fungus farming. Each relationship has coincided with an independent origin of specialized
structures (mycangia) to carry symbiotic propagules within or on the insect body (FranckeGrosmann, 1967; Jordal and Cognato, 2012; Hulcr and Stelinski, 2017). These structures
develop internally or externally across the head, thorax, and abdomen and may vary from
shallow pits in the exoskeleton to complex sacs or tubular structures (Francke-Grosmann,
1967). Some mycangia have shown evidence of glandular cells, but in-depth categorization of
potential secretory function has not been thoroughly investigated across mycangia (Nakashima,
1971; Cassier et al., 1996). Additionally, in-depth anatomical studies of single beetle species
across life stages or sex have never been formally investigated.
Euwallacea ambrosia beetles have received significant attention over the past decade
because of the damage they inflict on a variety of trees within invaded habitats around the world
including Israel, Australia, Mexico, the United States, and, most recently South Africa (Mendel et
al., 2012; Kasson et al., 2013; García-Avila et al., 2016, Paap et al., 2018). Native to Asia, these
beetles have caused serious damage to avocado production worldwide and impacted numerous
woody plant hosts in both cultivated and forest environments (O’Donnell et al,, 2016). One
species of particular interest, Euwallacea validus, introduced from Asia to the Eastern United
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States in the late 1900s (Wood, 1977), possesses paired oral mycangia and vectors two fungal
species; the primary nutritional symbiont Fusarium oligoseptatum and Raffaela subfusca, a
secondary fungus recovered consistently from female heads from introduced populations across
the eastern U.S., but whose role remains unclear (Kasson et al., 2013; Aoki et al., 2018).
Xyleborine beetles - including Euwallacea spp. - reproduce via haplodiploid sib-mating (Jordal et
al., 2000). As in typical haplodiploid reproductive systems, diploid females selectively fertilize
eggs to generate female offspring whereas unfertilized haploid eggs give rise to male progeny
that will then mate with their siblings within the gallery tunnel (Kirkendall, 1983). Female beetles
play major roles in mediating the symbiosis with F. oligoseptatum by dispersing them between
host trees whereas males are reduced in size and flightless; function within the gallery is
relegated to reproduction and possibly fungal maintenance (Kirkendall, 1983).
To date, paired oral mycangia have been described in adult female Xyleborini using both
destructive and non-destructive sectioning techniques. Investigations with microtome crosssectioning (a destructive method), such as the report of Xyleborus glabratus by Fraedrich et al.
(2008), Xyleborus affinis by Hulcr and Cognato (2010) and Ambrosiodmus lecontei by Li et al.
(2015) have revealed basic structural organization and confirmed the presence of fungal
propagules. More detailed structural investigations of mycangia in Xyleborini and closely related
taxa (Premnobiina) have built upon microtome methodology using emerging non-destructive
imaging techniques. The mycangia of Ambrosiodmus lecontei, A. minor, Ambrosophilus atratus,
Premnobius cavipennis, and Euwallacea interjectus were observed across multiple methods
(microtome, LAT scan, and µCT) (Batemen et al., 2017; Li et al., 2018).
For Euwallacea ambrosia beetles, there is considerable, albeit fragmented, evidence
regarding mycangia organization and structure (Table 1). Fernando (1960) illustrated a single
pair of superior medial oral mycangia for E. perbrevis (=X. fornicatus; tea shot hole borer in Sri
Lanka) in both transverse and sagittal orientation. Work by Nakashima (1982) used microtome
cross–sectioning to reveal a pair of mycangia at the bases of the mandibles of E. validus (=X.
validus), although the image was considerably distorted. Reports from Goto (1998) described
for the first time a new type of mycangia in E. validus, E. interjectus, and a third unresolved E.
sp. with a pair of inferior pouches located below and lateral to the known paired superior medial
oral mycangia, however, no visual evidence (microtome sections or illustrations) was available
to support these conclusions. Kasson et al. (2013) used microtome sectioning to confirm the
presence of a superior pair of oral mycangia in E. validus. Freeman et al. (2016) used Fusarium
euwallaceae expressing GFP to visualize mycangia and confirm F. euwallaceae occupies a
single pair of superior medial oral mycangia. Li et al. (2018) also described a single superior
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medial mycangia in E. interjectus using LAT scans. However, the E. interjectus mycangia
described by Jiang et al. (2019) using µCT was observed laterally at a lower plane in the head
than presented by Li et al. (2018). Taken together, these findings reveal that enhanced
resolution is needed to reconcile differences in both location and number of paired oral
pouches. Furthermore, these previous imaging studies of Euwallacea focused exclusively on
adult females, which are known to harbor these specialized fungal pouches, thereby limiting our
understanding of development across life stage and beetle sex.
Table 1.1. Summary of past research on structure of oral mycangia for Euwallacea ambrosia beetles.
Euwallacea sp.

Specific location
within head

Evidence

Orientation

Reference

E. fornicatus

Superior medial

GFP staining

E. interjectus

Inferior lateral

MicroCT

transverse &
sagittal

Jiang et al. 2019

E. interjectus

Superior medial

LATscan

transverse

Li et al. 2018

E. perbrevis

Superior medial

Illustration

transverse &
sagittal

Fernando 1960

E. sp.

Superior medial
and inferior lateral

Descriptive

N/A

Goto 1998

E. validus

Superior medial

Microtome section

indeterminable

Nakashima 1982

E. validus

Superior medial

Microtome section

transverse

Kasson et al. 2013

Freeman et al.
2016

Here, by integrating two imaging techniques (traditional microtome cross sectioning and
µCT) of the entire head, our goal is to enrich the knowledge on mycangial development across
life stages of beetles as well as between sexes. Particularly, we focused on examining the
developmental timing as well as possible sex-specific development of mycangia in E. validus.
Such studies are also important across the Xyleborini because; 1) previous studies tended to
focus on confirmation of a single pair of mycangia providing only a partial or single-plane
transverse section of the adult female heads possibly overlooking the presence of secondary
structures; and 2) several Euwallacea spp. have yielded more than one fungus with similar
abundances from their mycangia (Kasson et al., 2013; Lynch et al., 2016) raising the possibility
of co-cultivation in single mycangia or specialized structures adapted for each symbiont (Mayers
et al., 2020).
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Materials and Methods
1. Rearing Protocol
Rearing methods were adapted from Cooperband et al. (2016) to account for regional hostpreference (Ailanthus altissima) of our target ambrosia beetle species, Euwallacea validus.
Ailanthus altissima limbs were felled and collected from the Evansdale campus of West Virginia
University in Morgantown, West Virginia. Limbs were cut into 2.5cm long cross sections and
dried at room temperature for several weeks. Dried limb material was milled down to 1 mm
trapezoidal sawdust particle size for beetle rearing media using a Fritsch Power cutting mill
pulverisette 25 (Fritsch GmbH, Germany). Sterilized sawdust agar as described by Cooperband
et al. (2016) was prepared in 50mL Falcon tubes.
Beetles were retrieved from infested Ailanthus altissima stems in the West Virginia
University forest during late spring (June). The stems were cut into 0.6m sections and split
longitudinally into quarter sections to reveal gallery tunnels. Beetles of all life stages were
collected from the galleries by mechanical force and retrieved using sterile water and paint
brushes or soft-grip forceps. Life stages were stored separately. Beetles were then transferred
to non-inoculated media and provided “starter” tunnels along the outside of the tube. 5 adult
female beetles and up to an additional 3 males were introduced per tube of media and housed
in an incubator at 26ºC.
2. Animal Staging
Pupae were staged and selected based on coloration on head capsule and elytra (Fig 1). Adult
females were staged by body coloration (Fig 4); color relates to degree of exoskeleton
sclerotization and estimates post-molting adult maturity.
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Figure 1.1: External features of the ambrosia beetle Euwallacea validus; A) larva, B) early male pupa, C)
late male pupa, D) early female pupa, and E) late female pupa. “Late” and “early” stage designations
were made based on coloration of head capsules and elytra. Animals close to eclosion appear darker
throughout the entire pupal body.

3. Micro-Computed Tomography
Euwallacea validus were fixed in 70% ethanol at room temperature at least overnight. Insects
were then stained overnight in 5% Lugol solution (I3K), modified from Metscher et al. (2009) for
iodine in potassium iodide stains.
Scanning was conducted using the Skyscan 1272 μCT (Bruker). Samples were scanned
in ethanol in stand-mounted 200 μL pipette tips. Scanning parameters were unified for all
samples (2x2 binning at 4.3 μm pixel size, no filter. X-ray source set at 50 kW and 200 μA).
Scan data was compiled using NRecon (version 1.7.1.0) and cropped in Dataviewer (version
1.5.3.4). Digital cross-sections and videos were captured from the 3D model in CTVox (version
3.3).
4. Microtome Cross-sectioning
Samples were fixed in 2% PFA overnight and soaked in phenol for 6 days before paraffin
embedding and cross-sectioning (as modified from Li et al. 2015). Prior to paraffin embedding,
insects were re-fixed with formaldehyde then dehydrated in an ethanol gradient series. Samples
were stored until sectioning. Transverse sections were taken using a Microm HM 325 rotary
microtome (Walldorf, Germany) and slides hand-stained in Harris hematoxylin and eosinphloxine. Slides were imaged using a Nikon Eclipse E600 compound microscope (Nikon
Instruments, Melville, NewYork) and Nikon Digital Sight DS-Ri1 high-resolution microscope
camera through Nikon NIS-Elements BR 3.2 imaging software.
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Results
Detailed description of adult female mycangia
Adult female beetles show two pairs of oral pouches (in all five sampled adult female insects).
The first set is organized superomedial to the mandibles in the (rostral) cephalic tissue (Figs 2A,
B and C). The second pair are organized laterally, inferior to the rear of the mandibles, beside
each compound eye (Figs 2A, B, and D). Microtome cross sectioning revealed interior
colonization of both medial superior pockets (Fig 3C) and on the lateral side of the head near
the eye (Fig 3F) as equivalent to the inferior pouch-like structures in our µCT images. Columnar
cells line the primary membrane of the lateral pouch-like structures (Supplemental Fig 1B, C).
Duct-like structures (Supplemental Fig 1A, B, and E) are present next to the chamber but we did
not observe physical connection between these features among the sections we generated.
Microtome sections further indicated that beetles develop small spines and hair-like structures
within the duct (Supplemental Figs 1A, B, D, and E). Similar columnar cells lining the lateral
pouches along with peripheral duct-like and hair-like structures can be seen in the lateral
mycangia of closely related beetle genera as well as more distantly related tribes (Supplemental
Figure 2) (Kasson et al., 2016; Bateman et al., 2017).
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Figure 1.2: Micro-computed tomography (μCT) digital cross sections of mycangia and inferior paired
pouch-like structures in adult female E. validus. Blue boxes denote superior, medial mycangia (C) while
red boxes denote the inferior, lateral structure (D). Plane of visualization for each paired structure (C,D)
denoted by corresponding color (E).
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Figure 1.3: Micro-computed tomography (µCT) and microtome sections for mycangia (A-C) and inferior
lateral (D-F) pouch-like structures. Abbreviations “eso” represents the esophagus, “myc” denotes
mycangia.

Mycangial development across life stages in female
We observed mycangia in different life stages to estimate the developmental timing. As shown
in Figures 4E and F, we did not observe clear images of mycangia during larval and early pupal
stages, however we were able to detect the development of both superior mycangia and inferior
structures in the late pupal stage of females. In the early pupal stage, we observed a paired
structure with weak contrast in an equivalent space where the superior mycangia develop in late
pupae and adults (Fig 4F), suggesting mycangia start developing after pupation.
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Figure 1.4: μCT digital cross sections across female Euwallaca validus life stages. Blue boxes denote
superior, medial mycangia while red boxes denote the inferior, lateral pouches. A-D) External view of the
superior transverse cross-sections (E-H). I-L) Sagittal cross-sections reveal superior mycangia and
inferior pouches in late pupa (K) and adult (L) female beetles. M, N) Inferior transverse cross-section
illustrates paired inferior pouches in late pupa (M) and adult (N) female beetles.

Sexual dimorphism of mycangial development
We scanned males in equivalent life stages as we did in females. Scanned images suggest that
males may harbor mycangia-like spaces (referred to as protomycangia hereafter) in an
equivalent position where females develop mycangia (Fig 5F, I, J). The superior protomycangia
do not show a defined boundary whereas membranous boundaries of female mycangia were
clearly visible in late pupae and adults (Figs 4G and H). The superior protomycangia become
observable during late pupal stage in a similar form as observed in the early female pupal stage
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(compare Figs 4F and 5E). Of 9 adult males scanned to verify this result, 7 showed a clear
image of the same structure.

Figure 1.5: μCT digital cross sections across male Euwallaca validus life stages. A-C) External view from
which the primary transverse sections (D-F) originate, respectively. G-I) Sagittal sections of male insects.
J) Transverse section of adult male head, where lateral pouches were observed in adult females.
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Discussion
Our µCT digital sectioning along with microtome cross-sectioning confirmed the developmental
timing of mycangia; they appear to develop during pupal stage in female beetles. In previous
studies, structural analyses have focused on describing mycangial structure in the adult female
(Nakashima, 1971; Kent, 2008; Li et al., 2015; Li et al. 2018; Jiang et al., 2019). Here we were
able to supplement our knowledge by adding a new piece of information; developmental timing.
Oral mycangial structure has been studied by using beetles from three genera;
Euwallacea, Ambrosiodmus, and Premnobius, where organization of mycangia within the head
varies between species. In Euwallacea interjectus and Ambrosiodmus species as published by
Li et al. 2015 and 2018, oral paired mycangia are located together in front of the esophagus and
directly behind the mandible, homologous to the superior pair of mycangia we observed here. Li
et al. (2018) shows Premnobius mycangia organized at a lower plane of cross section on either
side of the head behind the eyes, reminiscent of the inferior pair of pouches in our observation.
Jiang et al. 2019 shows morphological evidence in E. interjectus which denotes mycangia in a
lateral, inferior organization as present in Premnobius. If both pairs exist in Euwallacea species
(as observed separately by Li et al. 2015 and 2018 and Jiang et al. 2019 in E. interjectus), these
membrane-bound structures may be linked, either physically or in function. Indeed, the
presence of two sets of pouches may be the “dual paired” mycangia described by Goto for
Euwallacea, though no image-based evidence is available to corroborate (Goto 1998). The
inferior structures observed here corroborate the independent descriptions of laterally organized
structures, providing morphological evidence in a single insect body for pouches in both
superior and inferior positions in the head.
Our microtome cross-sectioning results complement the µCT images, further reinforcing
the idea that oral mycangia in E. validus may be more complex than a single pair of oral sacs.
Organization within the head suggests that these inferior membrane-bound structures may
represent lateral, inferior mycangia as they are positioned between the eye and esophagus,
rather than paired in the front of the head (Figure 3F). Isolation of fungal propagules from these
pouch-like structures would further support this notion.
The duct-like structure adjacent to the inferior pouch-like structures of E. validus
contains small hair-like protrusions and spines, both of which were not observed in µCT
scanning images. These hair-like structures whose biological function is yet to be elucidated are
also notable in microtome sections of Ambrosiophilus atratus, Premnobius cavipennis, and, to a
lesser extent, Ambrosiodmus lecontei (Li et al., 2015; Kasson et al., 2016; Batemen et al., 2017;
Li et al., 2015).
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A recent study by Mayers et al. (2020) has described both prothoracic and oral
mycangia from female Xyloterinus politus, each of which contains a unique fungal symbiont
including a Raffaelea sp. in the oral mycangium. If spatially separate structures harbor distinct
symbionts in X. politus, colonization of F. oligoseptatum in only medial E. interjectus pouches
(as observed by Freeman et al. 2016) does not preclude functional colonization of lateral
structures. While microtome and/or µCT data has been traditionally sufficient for describing
mycangia, the “dual paired” organization obscures the ability to confirm symbionts from head
dissection and culture-based methodology. Further work is needed to examine specific
constituents and functional contributions of each structure in Euwallacea.
Detection of mycangial development during pupal stage facilitates the progress of
research on mycangia development in at least two ways: 1) we now know in which stage at the
latest we should start exploring the genetic underpinnings of mycangial development and 2) the
direct physical contact with their symbiotic fungi may not be required to induce mycangial
development, similar to what has been shown for mesonotal mycangia in Xylosandrus ambrosia
beetles (Li et al. 2019).
As mentioned above, females are responsible for dispersion of fungal propagules
between tree hosts and establishing the gallery system with F. oligoseptatum within the tree.
Males are haploid, flightless, and have reduced wing size, mandibles, and body size (Fraedrich
et al., 2008; Kirkendall, 1983). In natural habitats, males are relied upon for reproduction and
possibly gallery maintenance (Kirkendall, 1983). Indeed, scan data suggests reduced
musculature in reconstructed μCT models of male heads (compare Figs 4H and 5F). This
decreased muscle density and reduced mandibular size may reflect their behavioral niche within
the symbiosis; reduced musculature can suggest a similar reduction in chewing strength and
thus an inability to perform other roles such as building galleries.
Careful observation of the compiled 3D model has revealed dual paired gaps in the male
beetle head reminiscent of mycangial pouches. While they do not appear to be distinctly
membrane-bound as in female E. validus (Fig 4 - female and Fig 5 - male), the position in the
head seems to be equivalent to female mycangia. This structure, which has not been previously
observed by other techniques (microtome cross-sectioning or head dissection), may be a
rudimentary tissue of mycangia. The male mycangia-like space (protomycangia) may be
reduced in size, similar to mandibles and wings, by a function of ploidy. Male mycangia are
known from other ambrosia beetle tribes including the Xyloterini (Mayers et al., 2020), but to our
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knowledge this represents the first reported male mycangia-like structures in the Xyleborini
confirmed with imaging.
Previous morphological and culture-based studies failed to recover meaningful numbers
of fungal propagules or reconcile the mycangial structure in adult male Euwallacea beetles
(Kasson et al., 2013). Since male Euwallacea is not known to vector the nutritional symbiont,
this structure may be non-functional. Together with the data provided by our structural
investigation, this supports the idea that mycangial development may have ceased prematurely
in males. While the current resolution provided by scan data has not been fully conclusive, it has
captured structural patterning where microtome sectioning may not be suitable. This illustrates
the benefit to conducting multiple methods of morphological confirmation.
In summary, the potential development of protomycangia in males suggests that
although the development of mycangia may take place in both sexes, the developmental timing
is regulated differently between males and females, resulting in male protomycangia not
functioning as in the mycangia in female beetles. More specifically, the development of
protomycangia may start later during development than female counterparts, therefore it ceases
before maturation (Fig 5). In many beetle species, males develop enormous structures such as
horns, which requires longer developmental timing than females that do not develop such traits
(McNamara, 1995). In E. validus, females are the larger sex in body size and therefore may be
able to complete the development of mycangia. Detailed life stage study of both sexes (i.e.,
comparison of time until sexual maturation) would further evaluate the latter notion.
Due to the numerous independent origins of mycangia, development of premandibular
mycangia may not be observed in both sexes outside the genus Euwallacea. However, we
propose that structural development in males should be widely evaluated using multiple
techniques to determine whether this is conserved among broader taxonomic groups. A better
understanding of when and how mycangia develop between and across sexes would further
assist our understanding in mycangial evolution and development.
Concluding remarks
The results we obtained suggest mycangia, a specialized organ to maintain symbiosis with
fungi, appear to be quite complex in Euwallaca validus and may include a secondary set of
pouches that requires further investigation. Furthermore, our results suggest that mycangia in E.
validus begin developing during the pupal stage. The development of equivalent structures in
males (protomycangia) is previously unreported in this species and may cease before
maturation. This expanded view of anatomy and development may help reveal new complexity
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in mycangia within Euwallacea and further the Xyleborine tribe. We recognize the increasing
importance of integrating imaging technologies such as µCT scanning and more traditional
sectioning techniques to observe the morphology of these soft organs effectively.
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Supplemental Data

Supplemental Figure 1: Microtome Cross-sections of E. validus A) late female pupa and B-E) adult
female. Detail views show C) fungal propagules in the inferior, lateral pouches, D) dorsal duct structure,
and E) flanking duct with hair-like structures. Orientation of microtome sections denoted in upper right of
1A; D (dorsal), V (ventral), M (medial), L (lateral). “Myc” (A, B) represents mycangia.
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Supplemental Figure 2: Microtome cross-sections of Euwallacea validus (A,B), Ambrosiophilus atratus
(C,D), and Premnobius cavipennis (E,F). Arrows present in detail images (B,D,F) denote a conserved
border cell type observed between laterally-arranged mycangia.

Supplemental Movie: Reconstructed model of adult female E. validus from micro-computed
tomography scan. https://doi.org/10.6084/m9.figshare.12221981.v1
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Chapter 3: Functional Analysis of Candidate Genes during Mycangial Morphogenesis in
the Ambrosia Beetle Euwallacea validus
Abstract
Repeated evolution of mycangia across the ambrosia beetle symbiosis has created a wealth of
diversity within the Scolytinae and Platypodinae subfamilies. To identify components of the gene
regulatory network that has evolved to pattern this novel trait, we apply previously described
observation methods to the functional analysis of candidate genes through RNA interference
during Euwallacea validus development. Results of qPCR across dissected tissues showed
sustained expression of candidates breathless (btl) and trachealess (trh) within the head across
life stages in comparison to doublesex (dsx) which was more highly expressed in the abdominal
segment. Gene knockdown and micro-computed tomography visualization did not suggest dsx
plays a role in mycangial morphogenesis, however btl and trh may contribute early regulatory
information for mycangia as the structures were absent in a subset of dsRNA-injected
individuals.

Introduction
The Ambrosia Symbiosis
Ambrosia beetles represent multiple families of weevils (Coleoptera: Curclionidae) that have
radiated across the globe due to commercial shipping of pallets and lumber. These beetles bore
into the cambium of trees wherein obligate nutritional – fungi found across more than four
orders – allocate nutrients to the beetle gallery. Most species attack stressed or declining trees,
but the volume of attacks per host tree can exacerbate decline (Hulcr and Stelinski, 2017). As
ambrosia beetle species expand across non-native ranges, new host interactions create the
possibility for new pathologies to emerge (Paap et al., 2018). For this reason, ambrosia beetle
research has become an emergent topic in forest pathology and entomology. Their ability to
vector their fungal symbionts within novel specialized organs, called mycangia, has led to many
investigations on their morphology and function but the underlying genetic and developmental
mechanisms that have given way to their repeated evolution are still poorly understood.
There are at least 11 independent evolutionary origins of both obligate nutritional
symbiosis and mycangia within the greater Curclionidae taxon, comprising more than 3500
species (Hulcr and Stelinski 2017). In line with these independent origins, mycangia can be
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found across all body segments and in various degrees of complexity. Mycangia can be found
on the mesonotum, the pronotum, near the elytra, in the head, the prothorax, and proepisternum
(Hulcr and Stelinski 2017; Mayers et al., 2022). Some mycangia present as shallow pits, while
others are more complicated invaginations, pockets, or tubules (Hulcr and Stelinski 2017;
Mayers et al., 2022). Preoral mycangia in Euwallacea validus develop as two large, central
paired sacs in the head behind the mandibles (Spahr et al., 2020). A second set of small, paired
sac-like structures occur lower in the head and match previous descriptions for a second set of
Euwallacea mycangia (Jiang et al., 2019; Spahr et al., 2020). The repeated evolution of
ambrosia mutualisms has occurred across a great diversity of fungal partners (Hulcr and
Stelinski, 2017). Diverse nutritional associates leading towards the same functional, structural
end point suggests similarities in genetic mechanisms behind a general nutritional adaptation.

Evolution and Development
There are two notable strategies for the generation of novel traits: neofunctionalization or
genetic co-option. In the case of neofunctionalization, gene duplication events can reduce
selective pressure and lead to the collection of mutations in a gene copy either trending towards
pseudogenization or novel functionalization. Conversely, changes in regulatory element
sequence, affinity of transcription factors or their accessibility can lead to the expression of
existing genes in a new location in the body or during a different time period of development,
thereby co-opting function to form a novel gene regulatory network (GRN). Neofunctionalization
is useful for diversifying function, such as developing novel biosynthetic capacity; in these
cases, it is not a matter of reusing genetic toolsets but evolving new tools by modifying the
existing repertoire. With genetic co-option, recruiting genes into a different transcriptional
environment can allow for innovation by coupling with the existing complement of expressed
genes to generate a novel regulatory network. The reuse of core genes has been illustrated
across many morphogenic processes, such as the redeployment of insect appendage genes
during the development of legs, antennae, horns, and even in patterning of butterfly eye spots
(Beerman et al., 2001; Moczek and Rose, 2009; Murugesan et al., 2021). Novelties, by
definition, are not strictly homologous to another feature but by co-option of shared or
repurposed function can bear resemblance to other characters in form, function, or
development. Characterizing novel regulatory gene networks is a complex task; by first
identifying key co-opted regulatory and structural genes, we aim to identify a few core
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underpinnings of this new network that are crucial in governing identity of mycangia. By this
work, we can then expand our research to identify additional links in the larger GRN.
Candidates and Analysis
In examining potential related developmental processes in the canonical Drosophila model,
tubulogenesis is utilized in tracheal and salivary gland morphogenesis (as reviewed by Affolter
et al., 2003). While these processes occur during early embryogenesis, the absence of
mycangia during the larval stage suggests co-option and redeployment of these systems within
the head during pupation. When exploring structural and regulatory contributors to mycangial
development, breathless (btl) and trachealess (trh) were selected due to their role in the
development of morphologically reminiscent structures within the head and body. In Drosophila
melanogaster, both genes play a crucial early role in tracheal branching morphogenesis, with trh
playing an additional role in salivary gland development. Trachealess is bHLH-PAS transcription
factor required for designation of cell fates in trachea and salivary glands (Wilk et al., 1996). Trh
expression is biphasic in Drosophila embryos, and after initial activation it becomes selfsustaining and persists during tracheal development (Wilk et al., 1996). Breathless (Btl) is a
fibroblast growth factor receptor (FGFR) for the Branchless (Bnl) FGF ligand and regulates early
outgrowth of tracheal primordia by initiating and guiding outgrowth at branch sites, both at initial
and sequential placodes (Klämbt et al., 1992; Sutherland et al., 1996). Btl receptors at organ
primordia transduce signal information upon Bnl binding that is required for expression of
essential downstream morphogenic genes (Sutherland et al., 1996). Additionally, btl is a target
of trh regulation and has been implicated in salivary gland morphogenesis but its role not yet
elucidated (Haberman et al., 2003). Assuming shared developmental identity of salivary glands
and mycangia, btl and trh represent promising candidates for structural and regulatory
contributors to mycangial patterning. Furthermore, the conservation of these genes during
tubulogenesis across the body makes them likely candidates for redeployment in similar
functions.
Differences in functional capacity of mycangia within Euwallacea suggested a genetic,
sex-specific regulatory contribution in the novel associated GRN. Therefore, the gene doublesex
(dsx), a highly conserved downstream transcription factor within the insect sex determination
pathway, became an early candidate for genetic regulation of trait formation. In insects,
alternative splicing of dsx produces male and female isoforms that can either activate or repress
genes in a sex-specific manner. Although subsequent study using micro-computed tomography
has shown a nascent pouch-like structure within the male head, preliminary work was underway
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to investigate the contribution of dsx to mycangial morphogenesis and maturation. While it may
not provide primary regulatory information for initiation, it is still a possibility that the “finishing” of
the structure could be conferred by sex-specific regulation of downstream morphogenic genes.
To infer function of these genes within mycangial development, we seek to utilize larval
RNA interference (RNAi). RNAi relies on endogenous viral defense pathways to recognize and
degrade double-stranded RNA (dsRNA) while using digested products to identify further
homologous mRNA targets to reduce translation of viral protein products. This approach has
been utilized as a common biological tool to evaluate functional contribution of genes by
knocking down function and examining the resulting phenotype. The effects of RNAi in classic
systems, such as the nematode Caenorhabditis elegans, is systemic and persists across
development (Hunter et al., 2006). Early investigations in adapting RNAi to beetle larvae
confirmed the same persisting, systemic response in insects and, specifically, Coleopterans as
targeted injections in the late larval stage showed whole-body response in adults (Tomoyasu &
Denell 2004; Kijimoto et al., 2012).
By examining gene expression in the beetle across lifestage, we seek to identify which
candidates are present within the head at the critical developmental period and therefore
potentially active during mycangial patterning. Furthermore, larval RNAi was employed to
functionally assess their role in development and identify which of these structural and
regulatory genes – and their associated developmental processes – may have been co-opted
during the evolution of preoral mycangia in Euwallacea validus.
Methods
1. Total RNA Extraction, Reverse Transcription, and Sequencing
Pupae of Euwallacea validus were flash frozen in liquid nitrogen and ground with mortar and
pestle for total RNA extraction using the QIAgen RNeasy Plus Micro RNA extraction kit.
Reverse transcription was conducted using SuperScript IV Kit to generate cDNA libraries from
male and female total RNA, respectively. mRNA sequences were retrieved for genes of interest
(dsx, btl, trh) from the NCBI gene database for Dendroctonus ponderosae, Onthophagus taurus,
Tribolium castaneum and aligned in Geneious to identify conserved genic regions and generate
degenerate primers from amino acid consensus sequences. These degenerate primers were
used to amplify products via PCR and confirmed by gel electrophoresis. Ligation and cloning of
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amplicons followed Agilent’s Strataclone PCR Cloning Kit for insertion into E. coli competent
cells. Transformed plasmids were recovered and purified using the QIAgen MiniJet Plasmid
Purification kit. Sequence of purified plasmids was determined through Eurofins Genomics
Sanger sequencing services. These sequence data were used to create specific primers for
reamplification in subsequent methods and identify 150-188 bp targets for RNA Interference
(Table 3.1).

Table 3.1. Primers (written 5’ to 3’) used to amplify targets for dsRNA synthesis. F: Forward primer, R:
Reverse primer.
Gene

Primer

doublesex (dsx)

F: GAACTTGTTGTCCGTGCCTC
R: GTACTAGTTGCCGGTGCAGC

breathless (btl)

F: CTTCCAGCAAACGCAGTG
R: TGCGATCATTTTCTCCCGT

trachealess (trh)

F: AGGAAGTGGTTCATAAGAAA
R: GTATTAAAACAACCCTATACC

2. dsRNA Synthesis and Injection
Gene-specific primers for dsRNA synthesis were created from the amplified E. validus
sequences to target sequence regions between protein domains. dsRNA synthesis was
conducted as described by Kijimoto et al. (2012). Gene regions were cloned into pSC-A vectors
using the StrataClone PCR Cloning kit. Negative control dsRNA was generated from an empty
vector (pSC-A). M13 primers amplified the region of interest from the vector sequence and T3
and T7 in vitro transcription (MEGAscript) generated forward and reverse RNA templates from
the PCR product. The products were purified, then forward and reverse RNA strands were
annealed in an 80ºC water bath (800mL) by incubating overnight until the water reached room
temperature.
Insects were collected from Ailanthus altissima as described in Chapter 2 (Spahr et al., 2020).
13.8 μg of dsRNA was delivered to each larva via 30.1 nL injections using a Nanoject
Micropipette and pulled glass needles. Larvae were injected in the first prothoracic segment,
directly behind the head capsule. Injected larvae were placed on glucose yeast extract agar
(GYEA) plates with fully colonized Fusarium oligoseptatum lawns to recover and mature. Upon
pupation, injected insects were transferred to water agar media supplemented with A. altissima
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sawdust (90 g sawdust per 600 mL media) in small chambers of excised media to mimic the
gallery walls and provide physical resistance for molting. Adults were retrieved after emergence
and placed onto new F. oligoseptatum GYEA plates to fully mature. Mature adults were fixed in
70% ethanol and stored at -20oC until imaging and staining.
3. Micro-Computed Tomography
Scanning and staining parameters were carried out as previously described above in Chapter 2
and by Spahr et al. (2020). External morphology was photographed prior to staining protocols
using a Leica Stereomicroscope. A total of 30 individuals were scanned, but only 19 could be
included in this analysis; other samples were omitted from analysis if staining occlusion, scan
quality, or mechanical damage prevented observation at the relevant spaces within the head.
4. Quantitative RT-PCR
Insects were collected for several maturity stages of pupae and adults: early female pupae, midstage female pupae, late pupae, early female adults, mid-stage female adults, and late female
adults, male pupae, early male adults, and late-stage male adults. Three biological samples
were collected per condition with three to five insects in each replicate. Each insect was staged
based on external features and coloration, then dissected before flash freezing in liquid nitrogen
and storage at -80ºC until RNA extraction. Plane of dissection represented in Figure 3.1;
samples were dissected into head and abdomen to detect expression patterns in the head,
however head sections also contained prothoracic tissue due to the nesting of the E. validus
head within the thoracic section as depicted. This upper section (head and prothorax) is referred
to throughout as the head sample. RNA was extracted using Qiagen’s RNeasy Plus Micro kit
and synthesized to cDNA using the ThermoFisher SuperScript IV VILO Master Mix; reverse
transcription reactions contained either 200 ng (female) or 100 ng (male) of RNA. RNA
concentration was assessed prior to cDNA synthesis using a Thermo Scientific Nanodrop.
Sample purity was assessed through Nanodrop absorption ratios and gel electrophoresis.
Potential genomic DNA contamination was addressed through gDNA elimination columns
during the RNeasy Plus RNA extraction protocol and ezDNase treatment during SuperScript
VILO IV reverse transcription.
qPCR reactions were prepared in a 20 μL reaction volume according to the PowerTrack SYBR
Green protocol with 1 μL of cDNA per reaction (corresponding to either 5 ng or 10 ng equivalent
starting RNA by sex). Primer sets for target genes (dsx, btl, trh) and endogenous reporters
(rps3, ef1a) were developed to amplify products of approximately 150 bp and have an annealing
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temperature of 54ºC. Primers were included in each reaction at a final concentration of 400 nM
(Table 3.2). Primer robustness and specificity was tested in PCR dilution series prior to analysis.
qPCR was conducted using the QuantStudio 3 (Applied Biosystems) Real Time PCR machine
with the Comparative Ct analysis program (QuantStudio v.1.5.0) using multiple endogenous
reporters (rps3 and ef1a) and ROX passive reference signal. qPCR was conducted with the
following cycle parameters: 2 minutes at 95ºC, followed by 40 cycles of 95ºC for 15 seconds,
54ºC for 15 seconds, and 72ºC for 30 seconds, then 95ºC for 15 seconds. A melt curve was
conducted from 54ºC to 95ºC with camera capture during stage 3. Biological replicates were
assessed in triplicate, with three technical replicates per sample. Gene expression was
standardized to the endogenous reporters for ΔCT values and normalized to abdominal tissue
for each lifestage in the calculation of ΔΔCT values. Relative quantity was calculated according
to Livak et al. (2001). Wilcoxon Signed Rank tested for significance of ΔCT values across tissue
by gene and stage.

Figure 3.1. Plane of dissection for qPCR. Pupae and adults were dissected into head and abdominal
sections along the red solid line, introducing prothoracic tissue into the head section due to nesting of the
head section within the thorax and to avoid stage-specific biases.
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Table 3.2. Primers (5’ to 3’) used for amplification of qPCR targets. F: Forward primer, R: Reverse primer.
Gene

Primer

doublesex (dsx)

F: GAACTTGTTGTCCGTGCCTC
R: GTACTAGTTGCCGGTGCAGC

breathless (btl)

F: CTTCCAGCAAACGCAGTG
R: TGCGATCATTTTCTCCCGT

trachealess (trh)

F: ACTCCAAAAATGCCGAAGAA
R: TTTCTGGGTCATTACTGCTG

ribosomal protein subunit 3 (rps3)

F: ATTGTGCGCTATTGCCCAAG
R: TGTCCTCTCAATTTGCCCGA

elongation factor 1 alpha (ef1a)

F: ACCATCATTGATGCCCCTGG
R: AGCATGCTCTCTGGTCTGTC

Results
1. Relative Gene Expression Across Lifestage and Sex
To evaluate the expression of candidate genes in the head across E. validus development,
qPCR was conducted across dissected tissues at multiple maturity points. Expression of the
three target genes (dsx, btl, trh) was standardized to two endogenous reference genes,
ribosomal protein subunit 3 (rps3) and elongation factor 1 alpha (ef1a) (Fig 3.2). Standardized
expression values were normalized to abdominal tissues to evaluate relative expression in the
head (by stage (Fig 3.3).
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Figure 3.2. qRT-PCR: -ΔCT values across head and abdomen. Expression of candidate genes for each
stage as normalized to the internal references (ef1a and rps3).

When evaluated for significance, there appears to be no difference between the means
of ΔCT values between tissues (p-values reported in Table 3.3). While the calculated relative
quantity may not represent significant change between tissues, this indicates sustained
expression across both tissues at each lifestage.
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Figure 3.3. Relative quantity (RQ) of candidate gene expression by stage. Relative quantity values are
presented on a log2 scale, where 0.0 (orange) represents no change in expression between tissues,
negative values (gold) represent higher relative expression within the abdominal section, and positive
values (purple) indicate higher relative expression within the head.

In females, dsx expression was comparatively higher within the abdomen across
development, although relative quantity increased in the head with lifestage maturity.
Expression of btl and trh were sustained across all body segments, with the head values
representing increased relative expression when normalized to the abdomen. In adult female
beetles, the relative quantity of trh followed a similar trend as dsx, showing an increasing head
relative quantity across maturity.
Male insects were evaluated as pupae and two adult maturity stages (early, late). Relative
expression of all three genes increased within the head during development with dsx as the only
candidate with consistently higher relative quantity in the abdomen.
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Figure 3.4. qRT-PCR results in male beetles across life stage and between dissected tissues. A) -ΔCT
and B) Relative Quantity in male beetles.

Table 3.3. Statistical significance between ΔCT values between tissues per condition represented as pvalues as calculated by Wilcoxon Signed Rank test.
Life Stage

dsx

btl

trh

Early Pupa - Female

P-value = 0.2

P-value = 0.2

P-value = 0.7

Mid Pupa - Female

P-value = 0.1

P-value = 1

P-value = 0.7

Late Pupa - Female

P-value = 0.1

P-value = 0.4

P-value = 1

Early Adult - Female

P-value = 0.1

P-value = 0.1

P-value = 0.4

Mid Adult - Female

P-value = 0.1

P-value = 0.1

P-value = 0.1

Late Adult - Female

P-value = 1

P-value = 0.1

P-value = 0.1

Pupa - Male

P-value = 0.2

P-value = 0.2

P-value = 0.0722

Early Adult - Male

P-value = 0.4

P-value = 0.4

P-value = 0.4

Late Adult - Male

P-value = 1

P-value = 0.1

P-value = 0.1

2. Functional Analysis of Candidate Genes
Adults that had been injected with dsx dsRNA during the larval stage all developed mycangia at
adulthood (7 of 7 animals). In btl dsRNA treated animals, mycangia were absent in 3 of 6
individuals. For trh dsRNA injected animals, mycangia were absent in 3 of 6 scans.
Representative phenotypes for each condition are represented in Figure 3.5.
In those that did develop mycangia within breathless-dsRNA treatments, overall volume
appeared reduced in 2 individuals; a representative example is shown in Fig 3.6. For each
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treatment, the inferior lateral pouches identified in Chapter 2 (smaller structures, occurring at a
lower plane within the head) remained intact.

Figure 3.5. Representative RNA Interference phenotypes: digital cross sections from μCT models of
dsRNA injected representatives at the plane of superior mycangia (red arrows; a, c, e, g) and inferior
lateral pouches (blue arrows; b, d, f, h).

Figure 3.6. Representative RNAi phenotype of reduced mycangia (a) compared to negative control (b). a)
Individual represented in was injected with trh dsRNA. Red arrows represent superior mycangia.
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Discussion
1. Relative Gene Expression across Life Stages and Sex
In both male and female beetles, relative quantity of doublesex (dsx) was comparatively
reduced in the head and thorax, although relative expression increased across developmental
maturity. Trachealess expression was sustained across dissected tissues in both sexes, with a
relative quantity increasing over time when normalized to abdominal tissues. Breathless was
more highly expressed in the head relative to the abdomen across development, but pattern of
relative quantity differed between sex; male expressions increased steadily with maturity while,
in female insects, expression is highest at the earliest maturity point within each stage. Despite
differing patterns of relative quantity across developmental stages, the presence of these genes
within the head during the pupal stage supports the potential for morphological contribution
within those segments. While it is possible that dsx is more active within the abdomen due to its
role in regulating secondary sexual trait development, reduced presence in the head supports
the prior hypothesis that sex determination would not regulate structural initiation.
Data spread of ΔCt values did vary between samples; an increase in variability could be
a function of staging inaccuracy. Sample staging was conducted based on external features and
pigmentation of samples retrieved directly from the tree host and is imprecise compared to
staging measured as days post-pupation or -emergence. While early pupae are all white, late
pupae have pigmentation across the head, thorax, eyes, mandibles, and dark wing tips. The
“mid”-maturity pupal stage was categorized by pupae that were largely white in color but had
developed light pigmentation in eyes and mandibles and light brown wings. These staging
criteria could encompass a larger spread in developmental time and thus greater variability in
gene expression between pooled samples. This same spread in data was also visible in male
pupae; due to limited numbers within galleries, we could not retrieve the number of animals
needed to segregate insects into further discrete maturity categories.
2. Functional Analysis of Candidate Genes
Previous work by Freeman et al. (2016) localized the primary nutritional symbiont, Fusarium
euwallaceae, to the superior preoral mycangia of Euwallacea fornicatus, suggesting possible
alternate function in the inferior, lateral pouches but these secondary pouches in E. validus have
yet to be functionally characterized. Other ambrosia beetle species develop two separate sets of
mycangia that harbor distinct symbionts (Mayers et al., 2021). Multiple secondary symbionts are
routinely recovered from the mature adult E. validus, but little is known about their segregation
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within the head and whether these inferior pouches function as true mycangia. Across the larger
ambrosia beetle taxonomy, sex-specificity of traits vary between beetle clades. Xyloterinus
politus develops oral mycangia in the male and female beetle, with female X. politus developing
additional prothoracic mycangia that house a separate symbiont (Mayers et al., 2021). In
Notoplatypus elongatus, male beetles have mesonotal mycangia that are reduced in size and
number of cavities compared to the female structure (Kent 2008). However, in some genera,
such as Euwallacea, mycangia was previously thought to be female-specific trait and many
morphological investigations focused on a female-only model (Li et al., 2015; Li et al., 2018;
Jiang et al., 2019).
In contrast to other published Coleopteran models, male haploid ambrosia beetles arise
from unfertilized eggs. Initiation of somatic sex determination in haplodiploid insects differs from
that of their diploid counterparts due to hemizygosity at male loci but investigations across
Hymenoptera (Apis mellifera and Nasonia vitripennis) have shown these changes occur
upstream of dsx, where the sex-specific alternative splicing mode of action remains conserved
(Verhulst et al, 2010). As discussed in the introduction, our results from the previous chapter (as
published in Spahr et al. 2020) suggested that dsx may not provide regulation of mycangia as
partial development in male insects suggests that it is not a sex-specific trait. Our dsx-injected
insects showed intact or reduced mycangia at the adult stage. In dsx dsRNA-injected
individuals, mycangia were visible across all samples (7 of 7). These findings, paired with our
morphological observation across sexes and between life stages, suggest that dsx and the sex
determination pathway does not play a role in regulating initial development of mycangia. Based
on prior observations, sex-specific regulation of mycangial development would more likely relate
to the finishing of the structure. In male insects, the boundaries of the protomycangia were
poorly defined and the lining was not observed (Spahr et al., 2020). However, in dsx-dsRNA
injected female beetles, the membrane remained intact suggesting that dsx knockdown did not
impair completion of this structure.
Pupation represents a critical morphogenic stage where the insect body is remodeled for
the adult form; while critical organs are retained, such as portions of the digestive system, a
mass expression of critical developmental genes is required to remodel tissue across the body
plan (Hall & Martín-Vega, 2019). For structures such as trachea, these structures are patterned
during embryonic development; knocking down associated genes during the pupation stage
should allow functional retention of critical structures and primary targeting of potential pupalspecific developmental functions, such as the formation of mycangia. In btl dsRNA-treated
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insects, 3 of 6 scanned animals did not develop mycangia or even mycangia-like spaces and,
rather, was uniform in tissue where the structure would have developed. The same ratio of
structural abolition was observed in trh dsRNA-treated animals, where an additional 3 of 6
samples did not show evidence of mycangial development. This suggests that these genes are
required for the initiation of mycangial organogenesis. Mycangia, however, were visible in the
remaining 3 trh-dsRNA and btl-dsRNA injected individuals per treatment. In cases where the
structure was determined to be absent, there is no distinct boundary, empty gap, or nascent
structure in the head where the mycangia would have developed (Fig 3.4). The usually
prominent mycangial membranes were not detectable from any angle or by modification of
contrast, despite the clear presence of other stained soft features within the head such as
muscle fibers. The absence of structural development in some samples suggests that the
required signal for mycangial development was not present for initiation, and that trh and btl
may play a role in conferring this signal or function required in early morphogenesis. The
integration of trh and btl in mycangial initiation would suggest tubulogenesis has been co-opted
in the evolution of preoral mycangia in E. validus. However, this result was not ubiquitous
across samples.
The inconsistent abolition of structure in some treatments could represent reduced effect
of RNAi within specific animals; it is possible that the knock down effect was not robust or
equally sustained in all treated individuals. There appear to be differences in effect between
insect genera; RNA interference in Rhynchophorus ferrugineus (Coleoptera: Curclionidae)
indicated varied efficiency between gene and dose, with injection producing the most
pronounced knock down effect (Laudani et al., 2017). Robustness of treatment may also vary
between targets; as RNAi creates a gene knock down effect and not a gene knock out,
incomplete suppression of transcription factor targets such as trh could allow for escape of
downstream targets. Intermediate phenotypes are not uncommon during RNA Interference;
work by Kijimoto et al. (2012) examined the contribution of dsx in horn development in
Onthophagus taurus and, while results suggested dsx regulates horn development, the
structure was reduced in male insects and not abolished. When plotting horn to body size of
treated individuals against control animals, there was distinct alteration in trend between
treatments, but these data fell along a spectrum of effect (Kijimoto et al., 2012). The ability of
RNAi to produce a spectrum of phenotypic results suggests that the intermediate phenotypes
observed in trh and btl dsRNA-injected individuals may represent a partial knock down (Fig 3.5).
However, qPCR for dsRNA-treated insects could not be conducted due to low survival rates to
adulthood, in negative controls and gene targets alike. Without qPCR confirmation of
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knockdown efficiency in these reduced individuals, we cannot claim with certainty that reduced
volume corresponds to treatment alone. Li et al (2019) found that the mesonotal mycangia of
five Xylosandrus ambrosia beetle species was deflated in the absence of fungal propagules in
young teneral adults. Though Xylosandrus mycangia fluctuate in volume multiple times
throughout the beetle life cycle - a structural plasticity not examined in the premandibular
mycangia of Euwallacea species - a colonization-dependent structural inflation is also supported
in Dendroctonus (Mayers et al., 2015; Li et al., 2019). It is possible that some deviation
between mycangia volume in newly emerged E. validus may arise from colonization status of
the structure. These intermediate results merit further investigation and therefore were
considered with care. Finally, as a high mortality rate resulted from dsRNA injection of
treatments and negative control alike, survivorship bias could reduce the effect of RNAi across a
subset of the surviving animals.
Co-option has been shown to integrate existing developmental programs in the
development of symbiosis associated novelties. In legumes, a lateral root transcription factor is
deployed in the root cortex to co-opt components of the lateral root developmental pathway to
form the novel GRN for patterning nodules (Schiessl et al., 2019; Soyano et al., 2019). In the
light organ of the Hawaiian bobtail squid, Euprymna scolopes, eye genes have been co-opted in
the development of the light-responsive photophore (Peyer et al., 2013). That mycangia may
employ portions of existing developmental pathways – such as tubulogenesis – to initiate
development is congruent with other models for the evolution of novel structures.
To extend the results of this study, we hope to conduct future work to localize the
expression of these targets within the head through in situ hybridization. Furthermore, if
mortality rates can be improved, qPCR of treated individuals can validate efficacy of RNAi within
injected populations. Regardless, this study provides the first example of potential co-opted
targets for the development of mycangia. Information gained by categorizing the novel GRN
responsible for mycangial development in Euwallacea validus may provide a model that can be
tested and extended in future work with other beetle species across clades of distinct
evolutionary origin to determine if the same regulatory and structural genes have been co-opted
to pattern these similar structures.
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Chapter 4. Comparative Genomics and Proteomics Uncovers Novel Candidates for
Symbiotic Adaptation
Abstract
The Ambrosia Fusarium Clade (AFC) encompasses the known diversity of ambrosia beetleassociated Fusarium mutualists. Euwallacea-Fusarium consortia comprise one of few known
ambrosia symbioses within Hypocreales. These beetle-associated fusaria produce shortened,
club-shaped (clavate) macroconidia that are posited to be a specialized adaptation to this
nutritional mutualism. In an effort to understand the source of this novel morphology, core
conidiogenesis genes that regulate conidial morphology and maturation have been identified,
scrutinized, and phylogenetically resolved to examine the potential contribution of these genes
to the aberrant clavate phenotype. Our results do not implicate sequence divergence as a
mechanism for novel macroconidia phenotype but have highlighted incongruencies within the
AFC and F. solani species complex (FSSC) based on topology between the known phylogenetic
relationships of this species complex and single conidiogenesis gene genealogies. In addition to
genes directly regulating various aspects of conidiogenesis, secreted proteins may play an
important role at the spore-level and may help modulate their environment. Extracellular
signaling is also a fundamental mechanism in host-symbiont communication. Recent work on
categorization of small, secreted proteins called hydrophobins has highlighted an interesting
diversity within select AFC members. These proteins play a role in plant pathogenesis,
virulence, adhesion, and spore dormancy. In several model symbioses, proteins that act as
virulence factors in some contexts have been found to act as positive morphogens within
mutualisms. By targeting new methods for comparative proteomic analyses of hydrophobins to
the Fusarium genus, we have identified hydrophobin and hydrophobin-like proteins within the
AFC and the larger Fusarium solani species complex - including a hydrophobin only found
within clavate spore-producing species - that could play a specialized role within their niche.

Introduction
Fungus farming in insect symbioses can be found, most notably, within ants, termites,
and ambrosia beetles. In ants and termites, this method of symbiosis has led to the evolution of
asexual structures in their Basidiomycete hosts that are adapted for nutrition of their insect
counterparts. Gongylidia of Leucoagaricus gongylophorus associate with higher attine ants and
these specialized adaptations are formed from swollen hyphal tips (Schultz and Brady, 2008).
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Nodules of Termitomyces appear to represent analogous asexual, nutritional adaptations
farmed by termites (Aanen et al., 2002). Among fungus farming ambrosia beetles, most of which
farm Ascomycetes, there appears to be an analogous phenotype - shortened club-shaped
asexual spores - evolved within select Fusarium nutritional mutualists of Euwallacea ambrosia
beetles.
Across the ambrosia symbiosis, beetles associate with individual species spanning more
than four orders of fungi on which they feed across their development. Ascomycotan fungi within
Ophiostomatales and Microascales are among the most studied and diverse fungal mutualists
of fungus-farming ambrosia beetles (Hulcr & Stelinski, 2017). Members of the Hypocreales,
Polyporales and Xylariales have also been confirmed in more recent years but are generally
restricted to one or few closely related beetle genera (Kasson et al., 2013; Li et al., 2015; Li et
al., 2020). As members of the latter two orders are not associated with significant plant disease,
they are therefore not considered of serious concern. Fungal mutualists in the Hypocreales
have been found from both bark and ambrosia beetles, including mutualists from Geosmithia in
bark beetles belonging to the Corthylini and Bothrosternini (Huang et al., 2017) as well as
Fusarium mutualists from ambrosia beetles in Xyleborini (Kasson et al., 2013). The genus
Fusarium represents more than 300 species with diverse ecological roles, including many plant
pathogens (as reviewed by Aoki et al., 2014). This partitioning of Fusarium into more than 20
species complexes resolves groups of close but distinct, albeit cryptic, species that fall under
one species name, are each other's closest relatives, or that co-exist or occupy the same niche.
Despite the diversity of insecticolous fusaria (including diversity from Coleoptera), confirmed
mutualistic fusaria from beetles all occur within Clade 3 the Fusarium solani species complex
(FSSC). This clade includes both gut-associated fusaria from Asian Longhorned Beetle
(Anoplophora glabripennis, or ALB) as well as a clade of ambrosia beetle mutualists, hereafter
referred to as the Ambrosia Fusarium Clade (AFC), a monophyletic group within FSSC Clade 3
that further resolves into two distinct clades (Clade A, Clade B) (Geib et al., 2008; Kasson et al.,
2013). One notable trait among Clade B of the AFC is the deviation from the traditional fusiform
or sickle-shaped macroconidia towards a clavate or club-shaped macroconidia (Kasson et al.,
2013). This aberrant phenotype is thought to be a product of fungal selection and domestication
by their beetle partners, similar to gongylidia and nodules, and likely represents an adaptation
important for the symbiosis but not essential as several AFC members produce fusiform
macroconidia (Kasson et al. 2013).
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In other obligate symbioses, such as vertically transmitted grass endophytes or attine ants
and Attamyces fungi, host regulation of a symbiont sexual reproduction reduces genetic
diversity to maintain beneficial symbiosis-associated traits (Saikkonen et al., 2004; Mueller et
al., 2010). Species within the AFC are thought to be asexual and may only generate genetic
diversity through hybridization events (Kasson et al., 2013; O’Donnell et al., 2016; Huang et al.,
2017; Carrillo et al 2019). During asexual reproduction, phialides are produced from hyphae,
from which then arise both macro- and microconidia. This process of conidiogenesis in
Fusarium is controlled by a conserved central regulatory pathway consisting of BrlA, AbaA, and
WetA (as reviewed by Park & Yu, 2016). In Aspergillus nidulans, the transcription factor BrlA
was shown to function as the “developmental switch” between aerial hyphal growth and
conidiophore production (Adams et al., 1988). AbaA continues this regulatory role between
growth phases by controlling development of phialides and therefore conidia (Son et al., 2013).
WetA deletion mutants produced fewer conidia and longer conidiophores with fewer septations
(Son et al., 2014). Furthermore, conidia became more stress-sensitive with reduced viability and
a higher number of autophagic bodies, suggesting a role for WetA in spore dormancy (Son et
al., 2014).
Additional genes including FlbA, Atg15 and Mes1 play important roles in conidial
morphogenesis and maturity. Of these, FlbA was identified within the Fusarium solani species
complex (FSSC). Two isoforms of FlbA have been identified with distinct functions (Mukherjee
et al., 2011; Yan et al, 2021). Deletion mutants suggest that function is not complemented
between isoforms. A deletion of FlbA2 produces curled macroconidia, while FlbA1 is implicated
in negative regulation of Fumonisin B1 from F. verticillioides (Mukherjee et al., 2011). Other
regulators, such as Atg15 and Mes1, further influence conidial morphology. Atg15 has been
identified as a putative lipase that relates to autophagic processes which have implied roles in
both sexual and asexual reproduction, as well as virulence; Atg15 deletion impacts conidial
development through fewer, aberrantly shaped conidia (Nguyen et al., 2011). Mes1 is
responsible for formation of polarity axes of conidia (Pearson et al., 2004; Rittenour & Harris,
2008). A knock out of this gene produces a pronounced club-shaped conidial phenotype
(Rittenour & Harris, 2008). While the genetic factors of this pathway have been described in
Fusarium, these analyses have been conducted in a species with the typical fusiform spore
morphology.
Within the context of symbiosis, small extracellular molecules can play positive or negative
roles in inter-organism communication depending on the context. Tracheal cytotoxin (TCT), a
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peptidoglycan fragment from the bacterial cell wall surface, is responsible for causing tissue
damage and immune response during human pathogenesis but has been found to play a
positive, morphogenic role in the Vibrio fischeri - Euprymna scolopes mutualism, a partnership
that provides the squid with bioluminescence for counter-illumination (Koropatnick et al., 2004).
This compound is one of the key microbial associated molecular patterns (MAMPs) responsible
for inducing morphological change in the host to form a mature light organ (Koropatnick et al.,
2004). Similarly, within legume-Rhizobia symbioses, terminal bacteroid differentiation is induced
in Rhizobia symbionts in some legume species (a partnership that allows plants to fix nitrogen)
by plant production of nodule-specific cysteine-rich peptides (NCRs) (Alunni & Gourion, 2006).
These NCRs are defensin-like; defensins being cysteine rich proteins involved in immunity
(Alunni & Gourion, 2006).
Not only is symbiont-driven change in the host organism observed within these mutualisms
but signaling elements that may aid in pathogenesis in one system may act as positive
modulators in other associations (Koropatnick et al., 2004). While these examples occur in
bacterial mutualisms, hydrophobins represent a fungal-specific class of cysteine rich protein that
may play context dependent roles that may shift under the selective pressures of mutualisms.
Hydrophobins represent multiple classes of often secreted, amphipathic, self-assembling fungal
proteins that localize to spores or surface boundaries and enhance nonspecific interactions
between filamentous fungi and their surroundings (Gandier et al., 2017). Implications for
extracellular communication, adhesion, spore dormancy, and virulence have been supported by
functional analyses of hydrophobin proteins across broad fungal taxa (Viterbo & Chet, 2006;
Gandier et al., 2017; Gandier et al., 2018; Moonjely et al., 2018). Furthermore, hydrophobins at
first glance appear to be toxins; cerrato-ulmin was originally thought to function as a mycotoxin
in Dutch Elm Disease, but elucidation of function and structure revealed this is a small secreted
hydrophobin that acts as a parasitic fitness factor (Stringer et al., 1993; Temple et al., 1997).
Hydrophobins play an important role at the spore-level and therefore, due to their role in
external coatings via rodlet layers, may represent one of the first sites of interface between
beetle host when these insects interact with their fungal symbionts. This not only provides
potential candidates for beetle recognition, but the association with the spore begets further
investigation into differences between conidial morphotypes.
Determining mechanisms underlying the evolution of novel symbiosis-associated
phenotypes and potential factors for host-symbiont communication are necessary for furthering
our understanding of the evolution of fungus farming and mutualism. To investigate the genetic
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underpinnings of conidiogenesis that may contribute to the AFC’s clavate phenotype, genetic
mutations and amino acid alterations were examined and phylogenetically resolved for six key
conidiogenesis pathway genes across the FSSC and more broadly across the genus Fusarium.
Furthermore, comparative proteomics were used to identify hydrophobins and closely related
protein candidates unique to the FSSC and AFC that may bear unique association to spore
morphology or serve as candidates for fungal-beetle interface and recognition.

Methods
1. Conidiogenesis Gene Phylogenies and Amino Acid Sequence
Genome accessions were sampled across the genus Fusarium to encompass major species
complexes, complement the species sampled within the subsequent hydrophobin analysis, and
were expanded to capture notable spore phenotypes within clades outside of the AFC. A
complete list of species and their available accessions can be found within Table 4.1.
Reference sequences for each gene were obtained from NCBI based on accessions reported
from functional analyses in Fusarium graminearum (Rittenour & Harris, 2008; Mukherjee et al.,
2011; Nguyen et al., 2011; Son et al., 2013; Son et al., 2014). For the genomes listed in Table
4.1, each gene was identified by mapping to reference in Geneious Prime and extracted to a
fasta output. MEGA11 v. 11.0.10 (Tamura et al. 2021) was used to align sequences (CLUSTALW, Llarkin et al. 2007), select a best-fit model for estimating phylogeny, and construct maximum
likelihood (ML) trees for conidiogenesis and hydrophobin nucleic acid sequence alignments. For
ML analysis, 1000 bootstrap replicates were used. The alignments were conducted with default
parameters. Initial alignments were trimmed such that all positions with less than 95% site
coverage were eliminated. For maximum likelihood analyses, the substitution model varied by
tree; FlbA1, FlbA2, and WetA used a Hasegawa-Kishino-Yano, Gamma Distributed (HKY+G)
substitution model, AbaA and Mes1 analyses utilized a Tamura-Nei, Gamma Distributed with
Invariant Sites (TN93+G+I) model, and Atg15 utilized Tamura 3-parameter, Gamma distributed
(T92+G) model.
The corresponding protein sequences for these genes were retrieved from the
associated proteomes for species within the AFC. AF-9 amino acid sequences were predicted
from F. duplospermum (AF-8) sequences to ensure mutations could be adequately compared
across Clade A and B of the AFC. Known domains were mapped within the sequences of each
gene from pfam annotation and then protein sequences aligned to assess point mutations. All
differences in amino acid residue were noted across domain regions (Table 4.2). Outside

56

domains, mutations were only recorded in Table 4.2 if they occurred within Clade A or more
than one Clade B species and if this change in sequence altered amino acid side chain
property.
1. Analysis of hydrophobins across Fusarium
Forty-six total proteomes were acquired from NCBI or unpublished data sets; 33 proteomes
from across 13 species complexes within Fusarium and an additional 13 from bark beetleassociated fungal species were added to examine hydrophobins diversity across common
lifestyles.
Hydrophobin sequence identification was conducted using the bioinformatic pipeline
developed by Lovett et al. (in preparation) and modified to account for the categorization criteria
produced by their results. Hydrophobin sequences were identified by evaluating protein
sequences by two methods; 1) sequences that adhered to the 6-cysteine core organization of
the hydrophobin backbone structure and 2) sequences that fit known hydrophobin motifs both
from the Pfam predictions for Class 1 and Class 2 hydrophobins and, additionally, to the strict
Hidden Markov Model (HMM) Group classifications as defined by Lovett et al. (in preparation)
(Table 4.3). Cysteine-rich sequences were first grouped by homology within Fusarium
proteomes and then called by the associated group model identifier. This list of unique
sequences was then sorted by Sequence Similarity Network methods as described by Lovett et
al. (in preparation). Group names were non-sequential and carried over from the HMM
classifications defined by Lovett et al. (in preparation) to unify results across studies.

Results
2. Conidiogenesis Gene Phylogenies and Amino Acid Sequence
To examine the contribution of gene sequence to novel macroconidial shape, sequences for
genes contributing to asexual and sexual reproduction, macroconidial shape, lipid degradation,
toxin production and virulence (WetA, AbaA, MesA/Mes1, Atg15, FlbA1, and FlbA2) were
identified within our Fusarium genomes (Table 4.1). Despite identification within the Fusarium
genus, no discernable orthologs were found for StuA, Htf1, and FlbB (all involved in
conidiospore production) in the AFC or FSSC and as such were not further investigated.
Sequences were aligned and resolved phylogenetically (Fig 4.1; Supplemental Figure
4.1; see Supplemental Figures 4.4-4.8 for full Fusarium data sets). As expected, we confirmed
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the monophyly for all of the species complexes examined for each of the examined
conidiogenesis genes. Each of these clades were strongly supported based on bootstrapping.
Within the FSSC and the AFC, topology was relatively consistent across each single gene
phylogeny with two exceptions. First, F. duplospermum (AF-8) NRRL 62584, a well-established
member of Clade A based on all previous phylogenetic analyses, grouped with Clade B in the
FlbA2 tree but not in the FlbA1 paralog. Second, F. phaseoli (syn: F. rectiphorus), an isolate
from French Guiana with unresolved phylogenetic placement between Clade 2 and Clade 3 of
the FSSC (O’Donnell et al., 2008; Nalim et al., 2011), grouped consistently and squarely with
Clade 3 forming a well-supported clade with F. vanettenii and F. metavorans. Overall, the AFC
and the two clades therein (Clades A and B) received strong support (>76%) with the exception
mentioned above in FlbA1. Clade A consists of only F. duplospermum (AF-8) and F. sp. (AF-9)
and is the most consistently supported clade within the AFC. Fusarium oligoseptatum (AF-4)
and F. ambrosium (AF-1) also formed a strongly supported clade (>61%) in 4 of 6 trees and is
the most supported clade within Clade B of the AFC.
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Fig 4.1. Inferred phylogenies for FlbA1, FlbA2, Atg15, Mes1, AbaA, and WetA across the Fusarium
Solani Species Complex (FSSC) and the notable associated spore morphology (A-L).

In addition to aberrant tree topology, other searches failed to recover orthologs from
specific genomes. F. kuroshinum (AF-12) NRRL 62957 failed to recover an Atg15 ortholog,
despite what appears to be a well-assembled genome and finding near identical orthologs in all
other AFC members and, more broadly, across the FSSC. Fusarium obliquiseptatum (AF-7)
NRRL 62610 appeared to be a highly fragmented genome and as such usable sequences for
Mes1 and WetA could not be recovered despite finding a partial sequence in the publicly
available genome.
Despite clear differences in morphological features among the AFC, no clear patterns
emerged between phylogenetic findings, macroconidia length and/or mean, or minimum or
maximum number of macroconidium septations (data not shown). Furthermore, only around half
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of the known AFC members have been formally described and have genomes available, which
likely further weakens our understanding of these relationships.
In the Fusarium sabucinum species complex (FSamSC), Fusarium chlamydosporum
species complex (FCSC), and F. incarnatum-equiseti species complex (FIESC), topology was
strongly supported and consistent across the five conidiogenesis genes examined (WetA, AbaA,
Mes1, Atg15, and FlbA1) with two exceptions (Fig 4.3). First, within the FSamSC, F. longipes
resolved as either sister to F. brachygibbosum / F. transvallense (AbaA, Mes1, Atg15, and
FlbA2) or sister to the clade containing all other species examined (WetA) (Supplemental Figure
4.1). Second, within the FIESC, F. coffeatum resolved sister to F. equiseti in the WetA
phylogeny while in all other trees F. coffeatum represented the earliest diverging species in the
clade. However, these differences likely reflect the inability of certain loci to fully resolve
relationships, not actual differences like seen in AFC and FSSC topologies. Because many of
these species-level phylogenetic relationships could not be resolved at the single gene level,
single mutations were investigated to resolve differences not captured by phylogenetic signal.
Table 4.2. Point mutations and amino acid alterations within conidiogenesis domains.
Gene

Domain

Residues

Species

Side Chain Property

Position
H: Positive
Charge

Mes1

SPA

Y>H

Y: AF9

Y: Hydrophobic

Mes1

SPA

H>L

H: AF8, AF9

H: Positive Charge

Mes1

Afi1

E>D

E: Negative Charge

Mes1

N/A

TA > AT

E: AF9
TA: AF8,
AF9

Mes1

N/A

A>T

A: AF8, AF9

A: Hydrophobic

A: Hydrophobic
T: Polar,
Uncharged

Mes1

N/A

T>V

T: AF8, AF9

T: Polar, Uncharged

V: Hydrophobic

AA 575

Mes1

N/A

S>A

S: AF6, AF8,
AF9, AF12

S: Polar, Uncharged

A: Hydrophobic

AA 587

Mes1

N/A

T>A

T: AF8, AF9

T: Polar, Uncharged

A: Hydrophobic

AA 761

FlbA1

DEP

R>K

K: AF6

R: Positive Charge

AA 219

FlbA1

DEP

Y>H

H: AF2

Y: Hydrophobic

FlbA1

RGS

D>E

E: AF8

D: Negative Charge

K: Positive Charge
H: Positive
Charge
E: Negative
Charge

FlbA1

RGS

S>A

S: AF8, AF9

S: Polar, Uncharged

A: Hydrophobic

AA 376

FlbA1

RGS

L>V

L: AF9

L: Hydrophobic

AA 409

FlbA1

RGS

S>Q

Q: AF8

S: Polar, Uncharged

FlbA1

N/A

A>P

A: AF8, AF9

A: Hydrophobic

V: Hydrophobic
Q: Polar,
Uncharged
P: Polar,
Uncharged

T: Polar, Uncharged

L: Hydrophobic
D: Negative
Charge

AA 489
AA 548
AA 231
AA 366367
AA 456

AA 231
AA 375

AA 456
AA 176
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FlbA1

N/A

S>A

S: AF8, AF9

S: Polar, Uncharged

AA 376

Y: Hydrophobic

A: Hydrophobic
D: Negative
Charge
H: Positive
Charge

Atg15

CVT17

N>D

N: AF8, AF9

N: Polar, Uncharged

Atg15

CVT17

Y>H

Y: AF9

Atg15

CVT17

V>I

V: AF8, AF9

V: Hydrophobic

I: Hydrophobic

AA 114

Atg15

CVT17

R>K

R: AF8, AF9

R: Positive Charge

K: Positive Charge

AA 169

Atg15

CVT17

E>K

K: AF8

E: Negative Charge

AA 187

Atg15

CVT17

K>Q

K: AF9

K: Positive Charge

Atg15

CVT17

A>T

A: AF8, AF9

A: Hydrophobic

K: Positive Charge
Q: Polar,
Uncharged
T: Polar,
Uncharged

Atg15

CVT17

V>L

V: AF8, AF9

V: Hydrophobic

L: Hydrophobic

AA 358

Atg15

N/A

H>L

H: AF8, AF9

H: Positive Charge

L: Hydrophobic

AA 521

Atg15

N/A

T>A

T: AF8, AF9

T: Polar, Uncharged

AA 95
AA 96

AA 288
AA 319

A: Hydrophobic
AA 545
G: Non-polar,
AbaA
N/A
S>G
S: AF8, AF9 S: Polar, Uncharged
Aliphatic
AA 443
Note: Red color denotes change in amino acid that occurs across all fusiform species (AF-6, AF-8. AF-9).

Single mutations in amino acid sequence can alter protein structure and/or function without
producing a detectable phylogenetic signal. To examine sequence contribution, amino acid
residues were compared across protein accessions for these genes. Protein sequences were
identified from the associated proteomes and domains mapped by pfam annotation. Individual
amino acid changes between clavate and fusiform species were evaluated for alterations of side
chain properties (Table 4.2). WetA did not have a detectable, known protein domain. AbaA did
not show any changes within domains. FlbA2 did not show altered amino acid residues between
fusiform and clavate species in any region of the coding sequence. Most notably, most amino
acid residues that diverged in side chain characteristics occurred between Clade A and B of the
AFC with fusiform AF-6 notably not featuring these mutations. One exception existed within the
coding sequence of Mes1: the change from alanine (hydrophobic side chain) to serine (polar,
uncharged side chain) occurs within AF-6, AF-8, AF-9, and AF-12.

3. Analysis of Hydrophobins across Fusarium
A combined set of 644,565 protein sequences was assessed across 46 proteomes to identify
1,578 unique hydrophobin or hydrophobin-like protein sequences. Using this method of both
structural and model-based identification, some proteins adhered to multiple motifs and were
therefore called into several groups while others fell into a single categorization (Table 4.4,
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Supplemental Figure 4.4). Sequence Similarity Network sorting parsed identity of each
sequence to a single strict group. In total, 348 strict hydrophobins were identified across 18
group classifications previously defined by Lovett et al. (in preparation) (Table 4.3) and the two
additional hydrophobin class models across all proteomes included in this study. This resulted in
an average of almost eight hydrophobins per proteome. Group names used in this study were
retained from those generated by Lovett et al. (in preparation) to allow for direct comparisons
between studies. These group identifiers are not sequential and do not represent gaps in
coverage; all 18 hydrophobin Groups defined by Lovett et al. (in preparation) were detected
within our data set, including an enrichment outside of the four groups previously detected
within F. oligoseptatum and F. floridanum.
Table 4.3: Defined strict Groups, Indicator Proteins, and species based on the Lovett et al. (in
preparation) study.
Group
Name

Indicator
Protein(s)

Assoc. Indicator
Species

Identified within:

Lifestyle

Group 1

Cerratoulmin

Ophiostoma paraitica

Trichoderma harzianum

Plant mutualist

Group 5

TasHyd1

Trichoderma
asperellum

Phylum: Ascomycota
(Corollospora maritima,
Pyricularia oryzae,
Trichoderma harzianum,
Fusarium floridanum, F.
oligoseptatum)

Plant pathogens, Plant
and Insect mutualists

Group 10

VMH2

Pleurotus ostreatus

Plant pathogens, Plant
and Insect mutualists

SC3

Schizophyllum
commune

Phylum: Basidiomycota
(Sphaerobolus stellatus,
Leucoagaricus
gongylophorus, Tricholoma
matsutake, Fomitopsis
pinicola)

Group 16

N/A

-

Genus: Fusarium

Insect mutualists

Group 26

N/A

-

Leucoagaricus
gongylophorus

Insect mutualist

Group 29

N/A

-

Sub-Kingdom: Dikarya

Group 34

N/A

-

Tricholoma matsutake

Plant mutualist

Group 41

N/A

-

Leucoagaricus
gongylophorus

Insect mutualist

Group 47

N/A

-

Order: Hypocreales

Insect pathogens
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Group 69

Cryparin

Cryphonectria
parasitica

Phylum: Ascomycota

Plant and Insect
pathogens

MHP1

Magnaporthe grisea

HFBI

Trichoderma reesei

HFBII

Trichoderma reesei

MPG1

Magnaporthe grisea

Pyricularia oryzae,
Metarhizium anisopliae

Plant and Insect
pathogens

XPH1

Xanthoria parietina

Group 82

N/A

-

Neurospora crassa

Saprotroph

Group 85

HYDX

Phanerochaete
carnosa

Sphaerobolus stellatus

Plant and Insect
pathogens

Group 86

N/A

-

Sphaerobolus stellatus

Saprotroph

Group 92

N/A

-

Verticillium nonalfalfae,
Cordyceps militaris,
Trichoderma harzianum

Plant pathogen, Insect
pathogen, Plant
mutualist

Group 111

N/A

-

Ophiocordyceps
camponoti-floridani

Insect pathogen

Group 117

SsgA

Metarhizium
anisopliae

Phyla: Basidiomycota and
Ascomycota (Cordyceps
militaris, Metarhizium
anisopliae, Ustilago
maydis, Leucoagaricus
gongylophorus)

Plant and Insect
pathogens

Group 118

RodA

Aspergillus fumigatus

Coccidioides immitis

Human pathogen

Group 79

The most highly enriched group of hydrophobins was Group 5 with over 77 sequences
spanning the Fusarium genus within a single strict assignment. Group 16, Group 47, and Group
11 were also highly represented across the dataset with 29, 24, and 14 protein sequences,
respectively. Individual hydrophobin candidate proteins were frequently called by multiple group
motifs; the number of total proteins that adhered across Group motifs versus those that were
called only within the specific group designation are represented in Table 4.4. The number of
proteins that were called by multiple motifs and these shared designations can be found in
Supplemental Table 1 (also see Supplemental Figure 4.2). This overlap between groups was

63

confirmed by clustering methodology that identified Groups with more than 70% sequence
overlap. Three clusters of Groups were identified through this approach (Supplemental Fig 4.5).
The first cluster, associated Group 69, Group 92, Group 1, and Hydrophobin Class II. The
second cluster identified Groups 111, 47, 82. Finally, a third cluster comprised Groups 41, 10,
85, 34, 16, 117, 79, 118, and Hydrophobin Class I. These findings are congruent with Lovett et
al. (in preparation), in which the third cluster is designated Class 1, the first cluster Class 2, and
the second cluster, a new class called Class 3. A MAFFT alignment was generated for all
unique hydrophobin sequences to examine the pairwise percent identity between sequences as
calculated from the associated distance matrix. As individual proteins were often represented
within multiple Groups, classification was forced to a single group based on representation and
identity within group clusters.
Table 4.4. Number of Hydrophobin Proteins within Groups and across Group Clusters. “U” designation
refers to Ungrouped groups that did not adhere to a Class model.
Class

Cluster

Group

Number of Unique
Proteins

Number of Total
Proteins Called

I
I
I
I
I
I
I
I
I
III
III
III
II

3
3
3
3
3
3
3
3
3
2
2
2
1

Hydrophobin Class I
Group 10
Group 16
Group 34
Group 41
Group 79
Group 85
Group 117
Group 118
Group 47
Group 82
Group 111
Hydrophobin Class II

4
0
29
7
0
0
0
7
0
24
4
14
4

42
15
43
25
18
22
18
35
18
74
14
57
80

II
II
II
U
U
U
U

1
1
1
N/A
N/A
N/A
N/A

Group 1
Group 69
Group 92
Group 5
Group 26
Group 29
Group 86

4
2
3
77
6
4
2

80
76
77
81
12
4
2
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When group assignments identified most closely with either the Hydrophobin Class 1 or
Class 2 Pfam model rather than one of the previously defined group models, a new group was
created (Fig 4.2). Four new hydrophobin groups were identified that comprised 23 protein
sequences; Group 200, 201, 202, and 203. Group 200 and Group 201 were identified based on
their adherence to the Hydrophobin 2 model. Group 200 sequences were closely related; two of
the four sequences in this designation were also identified by the Group 1 motif. Group 201
comprised 13 sequences that were identified by all four groups of Cluster 1 (Group 1, Group 69,
Group 92, and Hydrophobin 2) but associated most closely with the Hydrophobin 2 Pfam model.
Group 202 and 203 were identified based on their identity to the Hydrophobin Class 1 Pfam
model. Group 202 encompassed two sequences from F. vanettenii (FVA) and F. metavorans
(FME) which were only identified as Hydrophobin Class I; no secondary Group designations
were identified for these protein sequences. Group 203 was composed of four sequences
identified within the F. decemcellulare Species Complex (FDSC); two sequences were found in
both F. decemcellulare (FDE) and F. albosuccineum (FAL) which had secondary homology to
Group 34.
A final method of group partitioning occurred within our analysis. Based on our distance
matrix, anything that had less than 70% identity to any other sequence within the study was
considered ‘ungrouped’ and, although identified as a strict hydrophobin protein by sequence
motif, distinct within its category. These ungrouped sequences were reported separately from
strict group assignments (Fig 4.3).
Across the genus, strict Group 5, Group 47, and Group 69 are present in each Fusarium
species assessed within this study. Other groups such as Group 16 were highly represented but
missing from select species (Fig 4.2). Some hydrophobin groups were present only within
certain clades, such as Group 111 within the Fusarium solani Species complex (FSSC) or
Group 29 within the Fusarium incarnatum-equiseti species complex (FIESC). Group 117 was
represented across the F. niskadoi Species Complex (FNSC), F. fujikuroi Species Complex
(FFSC), F oxysporum Species Complex (FOSC), and, individually, F. austroafricanum.
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Fig 4.2. Species-level distribution of grouped hydrophobin sequences. Phylogenetic tree was constructed
using the RPB2 gene sequence to highlight relatedness of included species. Total protein count is
represented by method of identification; 6C represents hydrophobin sequences identified by the 6Cysteine backbone while “NA” sequences are those that were identified by strict hydrophobin group
motifs but did not retain the 6-cysteine organization criteria. Yellow highlighted abbreviations represent
the AFC, while the red box denotes the sampled species within the FSSC.

Within the FSSC, Group 16 proteins are present in most species except for AF-8, AF-9,
and F. metavorans (FME). Additionally, Group 34 proteins were only present in AF-8, F.
vanettenii (FVA), and F. metavorans (FME) but absent from the remaining AFC members.
Within the bark beetle associated species, 1 strict hydrophobin sequence was identified per
sequence with the majority of identity belonging to Group 69; the exception being the Group 111
protein in A. xylebori (AX9).
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Fig 4.3. Ungrouped Hydrophobin sequences. Sequence totals are represented by method of identification
(6C = 6 cysteine backbone, NA = HMM/Pfam models), while Group designation was called from amino
acid motifs. These sequences had less than 70% identity to any other sequence identified within the
study.

16 of the 20 Group motifs were represented across ungrouped sequences, with a
majority of sequences resulting from the Pfam/HMM model of identification and not the 6C
criteria. Despite the ubiquity and enrichment of Group 5 across Fusarium, a subset of these
sequences was defined as Ungrouped (Fig 4.3). Within the FSSC, 5 species contained
ungrouped sequences. Fusarium oligoseptatum (FOL) and F. vanettenii (FVA) contained an
ungrouped Group 1 sequence. F. duplospermum (AF-8; designation FA8) contained one
ungrouped Group 29 sequence; other strict Group 29 proteins were relegated to the FIESC.
While all proteins identified by the Group 86 motif were sorted into a new Group designation
based on their preferential agreement to a class model, F. solani (FSO) contained an
ungrouped Group 86 protein. The final FSSC ungrouped protein was found to be an ungrouped
Group 111 protein in F. metavorans (FME).
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Fig 4.4. Partial alignment of strict Group 111 hydrophobin-like proteins and homologs. Cysteine residues
are highlighted to illustrate differences in number and position between species complexes.

Between F. kuroshinum, F. ambrosium, and F. euwallacea, Group 111 protein
sequences shared 100% identity with each other. F. oligoseptatum differed from these three by
a 16 amino acid deletion between residues 72 and 87. By aligning protein sequences, fewer
total cysteine residues were found in homologs outside the FSSC (Fig 4.4). While members of
the FSSC had a total of 7 cysteine residues, sequences outside the FSSC – including the FDSC
sister clade (F. decemcellulare and F. albosuccineum) – only contained 5 cysteines, with the
exception of F. avenaceum which contained 6 cysteines. Structural prediction across the Group
111 proteins was impaired by regions of highly disordered sequence (predicted disordered in
76% of sequence). A secretion signal was not detected in Group 111 but could be detected
within Group 5. As GO term analyses built from comparisons to previous annotations, functional
and biological ontology could not be predicted with confidence.

Fig. 4.5. Group 16 hydrophobin protein alignment. Cysteine residues are highlighted and indicated by “C”.

Within the Fusarium solani species complex, Group 16 was composed of three distinct
protein sub-groups. Of these, none were identified in Clade B of the AFC either through this
analysis or by search for homologous sequences in the protein database of NCBI. Only one set
of Group 16 proteins adhered to the complete hydrophobin backbone (Fig 4.5). The Group 16
hydrophobin was only identified in clavate spore-producing Fusarium species; AF-2, AF-12, AF-
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3, and AF-4. This result was again supported by a blastp search of the hydrophobin sequence
across NCBI protein accessions which did not identify homologous proteins from any other
available AFC proteomes.
Discussion
1. Conidiogenesis Gene Phylogenies
Fairly consistent topology across individual gene genealogies did not associate changes in
conidium phenotype to phylogenetic signal. However, single point mutations could alter protein
structure and function and escape detection by this approach. Variability within sister clades of
the F. sambucinum Species Complex (FSamSC) and F. incarnatum-equiseti Species Complex
(FIESC) do not appear to resolve across conidial phenotypes. Phylogenetic reconstruction of
FlbA2 sequences disrupted the highly supported Clade A of the AFC with integration of AF-8 (F.
duplospermum; NRRL 62584) into Clade B. This could be in part due to the mixed
clavate/fusiform macroconidia phenotype observed between AF-8 (Aoki et al., 2021).
Furthermore, this sequence associates with that of AF-6; both AF-6 and AF-8 are co-cultivated
by the same beetle host (O’Donnell et al., 2015). Confirmation of FlbA2 sequence in additional
AF-8 strains may provide enhanced resolution as to whether this divergence in well-supported
clades is due to potential hybridization with AF-6 or represents a true, conserved divergence in
FlbA2 sequence between AF-8 and AF-9.
When further examining potential alterations to structure and/or function across
conidiogenesis genes, divergence in amino acid residue that altered side chain properties often
occurred between Clade A and B and not generally across all fusiform spore-producing species
(AF6, AF8, and AF9). There was one exception within the coding region of Mes1 wherein
species producing fusiform spores (and, additionally, AF-12) have a hydrophobic residue
(alanine) at aligned AA 587, while the other clavate spore-producing species within Clade B are
predicted to have a polar, uncharged residue (serine) at this position. As hydrophobicity can
impact tertiary protein structure, further investigation surrounding structure and function would
be needed to determine the role this mutation may play in regard to the clavate spore
phenotype.
Functional characterization of Mes1 in Fusarium graminearum generated deletion
mutants that produced a severe clavate-like phenotype with short, wide conidia with fewer
septae (Rittenour & Harris, 2008). Disruption of axis polarity formation within conidia, as
observed during knock out of Mes1, has implications for not only conidial phenotype but
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localization of sterols within the membrane. An examination of SepA (a formin involved in actin
ring formation) within Aspergillus nidulans identified MesA through mutation analyses (Pearson
et al., 2004). It was shown that MesA impacts actin assembly and, through such, the
organization of sterol-rich domains within the membrane (Pearson et al., 2004). Pearson et al.
(2004) showed via filipin staining that, instead of localizing to hyphal tips and septation rings,
MesA deletion mutants accumulated sterol-rich domains across the hyphal membrane. Sterol
biosynthesis in insects is limited and relies on nutritional contributions to synthesize terminal
products, including cholesterol and ecdysteroids (Jing & Behmer, 2020); increased density of
sterols within conidia could provide a nutritional advantage to symbiotic partners. However,
broad disruption of polarity axes also impacted hyphal outgrowth and resulted in bulbous
hyphae (Pearson et al., 2004; Rittenour & Harris, 2008), an aberrant phenotype not observed
within the mycelia of the AFC. Whether alterations in Mes1 protein sequences within Clade B
has altered function or efficiency remains to be seen, but the potential nutritional contribution
warrants further investigation of this candidate.
The number of amino acid residues that differ between Clade B and Clade A – but not
uniformly between spore phenotypes – support the distinct clades of the AFC but do not explain
the derivation from fusiform to clavate conidial morphology on their own. However, disparate
changes in residues could convergently impact tertiary protein structure and therefore function
but again cannot be investigated within the scope of this study. Furthermore, there are
conidiogenesis genes identified within the Fusarium graminearum pathway for which no
orthologs could be found in the FSSC genomes. This comparison does not rule out the potential
for other genetic contributions to the clavate spore shape, but lack of conserved signal across
AF-6, AF-8, and AF-9 in the genes surveyed may point towards aberrant gene expression as a
more likely contributor of this morphotype across the AFC. Mes1 is not the only candidate that
can impact conidial morphology; misregulation of other candidates could influence aberrant
spore shape. In the knock out of other conidiogenesis genes, a lengthened spore phenotype
was produced by WetA deletion mutants (Son et al., 2014). It is unknown if overexpression
could inversely alter spore shape to form shorter, club-like conidia. Transitioning research focus
to expression-based studies may provide the next stepping stone towards elucidating the origins
of the clavate spore shape.
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2. Candidates within the F. solani species complex and Ambrosia Fusarium Clade
Secreted molecules are a common mechanism for fungi to interact with and modulate their
environment. For example, plant adhesion of phytopathogenic fungi relies on either specific
(such as ligand binding) or non-specific (hydrophobicity, secreted proteins) plant-fungal
interactions to adhere to plant surfaces (Moonjely et al., 2018). Hydrophobins represent multiple
classes of often secreted, amphipathic, self-assembling fungal proteins that localize to spores or
surface boundaries and enhance nonspecific interactions between filamentous fungi and their
surroundings (Gandier et al., 2017). Implications for extracellular communication, adhesion,
spore dormancy, and virulence have been supported by functional analyses of hydrophobin
proteins across broad fungal taxa (Viterbo & Chet, 2006; Gandier et al., 2017; Gandier et al.,
2018; Moonjely et al., 2018). The propensity for these proteins to act as environmental
mediators and as external spore-associated coatings suggests that such proteins could be one
of the first sites of interface or recognition in host-beetle interactions. As discussed previously,
context dependent interactions can shift the function of small molecules between pathogenesis
and mutualism; these proteins, however, have not been evaluated under the lens of mutualistic
interactions. Identifying candidates unique to beetle-associated species could provide
hydrophobin candidates that may be derived or specialized within a mutualistic lifestyle.
Specific trends were identified across the FSSC and AFC. A Group 111 protein was
found within each proteome across the F. solani species complex. Group 111, first identified in
Ophiocordyceps camponoti-floridani (Lovett et al., in preparation), did not associate with a
hydrophobin indicator protein, but appears only within a specific clade within our analysis. F.
oligoseptatum (FOL) and F. floridanum (FFL) were included in the Lovett et al (in preparation)
analysis but did not identify these sequences within these groups in the original study. That
these were identified in a subsequent search speaks to the increased sensitivity or
permissiveness of including specific group models alongside class and structural motifs alone
and likely points to secondary homology between these sequences and the Group 111 HMM
motif. That these Group 111 proteins did not adhere to the Pfam or 6C models warranted further
investigation of their structure.
The organization of cysteine residues in the FSSC Group 111 sequences deviated from
the paired-C organization of the classic hydrophobin backbone. However, these proteins were
predicted to have highly disordered sequence structure, which is expected of hydrophobins.
Especially within the AFC, Group 111 protein sequences shared a high degree of homology
between species. As similar sequences were not identified elsewhere in Fusarium, this
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suggested either a highly specific, derived protein class or a subset of sequence divergence that
altered the number or positions of cysteine residues. When the FSSC Group 111 sequence was
used to conduct a blastp search (NCBI), homologous protein sequences were identified within
other Fusarium species that were included in this study but were not pulled into this analysis by
any of the methods used to predict hydrophobins. Upon further investigation, despite large,
conserved regions between sequences, these non-FSSC sequences were missing multiple
cysteine residues that were present within the identified FSSC sequences (Fig 4.4). F.
albosuccineum and F. decemcellulare form a sister group to the FSSC; these proteomes were
included in this analysis but did not identify the putative Group 111 protein through HMM
methods. With this in mind, preliminary data seem to suggest that Group 111 sequences in this
study may be hydrophobin-like proteins that have convergently arrived at a cysteine-rich
structure in the FSSC. That this unique structure and potential for hydrophobin-like tertiary
assembly is relegated to the FSSC makes this a unique protein candidate found within beetleassociated species.
Group 16 was represented in species across the Fusarium genus, but within the FSSC
was absent in AF-8, AF-9, and F. metavorans (FME). In the FSSC specifically, species that
contained Group 16 sequences had 2-3 proteins per species. When aligned, sequence
homology suggested three distinct protein groups. As discussed above, an evaluation of
structure showed that only one of these sub-groups adhered to the complete hydrophobin
backbone; the other subgroups all did not contain the two sets of paired cysteines found in the
canonical backbone and therefore may only be hydrophobin-like. This Group 16 hydrophobin
was only found within Clade B of the AFC and furthermore only within clavate spore-producing
species. This absence from species with fusiform conidia suggests a novel candidate with
unique connection to species with symbiosis-associated novelty and could correlate with an
adaptation to symbiosis. The protein accessions deposited within NCBI (RTE68908.1,
RSL75671.1, RSL91729.1, RSM14768.1) independently identified these proteins as
hydrophobins through pfam annotation. Further, gene ontology enrichment analyses associated
function to fungal cell walls, perhaps pointing to the general function of hydrophobin rodlet
assembly across the fungus exterior. As this external interface provides the first site of interface
between fungi and environment, it also represents a unique opportunity for interface with insect
symbionts.
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Finally, a Group 1 ungrouped protein was identified within Fusarium oligoseptatum (AF4; FOL) (Fig 4.3). This protein candidate could relate to pathogenesis, per the association
between Group 1 and the hydrophobin indicator of its Group classification: cerrato-ulmin (Lovett
et al., in preparation) (Table 4.3). As cerrato-ulmin is both a hydrophobin and parasitic fitness
factor, a derived Group 1-like protein could play a different contextual role within mutualisms
that may warrant further study. Interestingly, AF-4 is a weak pathogen. It is possible that, as the
sequence of this protein has diverged in identity from strict Group 1 hydrophobins, this protein
may have diverged in function, too. The connection between a cysteine-rich protein candidate
and pathogenesis is reminiscent of host-symbiont recognition factors such as NCRs or TCT and
therefore represents another promising protein candidate for further functional characterization
within fungal physiology and the beetle-fungal mutualism itself.
3. Analysis of Hydrophobins across Fusarium
There is a distinct lack of homology between the sequence of known hydrophobins, but the
distinguishing feature of these proteins is a conserved cysteine rich backbone consisting of 8
cysteine residues, with two paired sets that form disulfide bonds during assembly (Gandier et
al., 2017; Gandier et al., 2018; Lovett et al., in preparation). This divergence in sequence in
regions between the conserved cysteine residues creates a permissive definition that allows for
ambiguity in identifying new hydrophobin candidates. Two major classes of hydrophobin have
been defined: Class I is found across Basidiomycetes and Ascomycetes and form rodlet layers
to create recalcitrant surface interfaces, while Class II hydrophobins were thought to be largely
Ascomycotan-specific, are more easily disrupted, but have higher sequence conservation
across the class definition (Gandier et al., 2017). Lovett et al. (in preparation) utilized sequence
motifs from previously characterized Class I and Class II hydrophobins, allowing for modelbased identification of hydrophins from proteome assemblies. This analysis was employed
across a wide diversity of fungal taxa to identify hydrophobin candidates and define functional
groups by pairwise identity across taxa and lifestyle. Lovett et al. (in preparation) observed a
diverse, yet conserved group of these proteins between Euwallacea-associated Fusarium
species in their initial work. Continued, more targeted examinations of hydrophobins could refine
sequence homology-based identification methods for new hydrophobin candidates and allow for
finer resolution of group-level trends within and across taxa.
Group nomenclature for models identified by Lovett et al (in preparation) were conserved
within this analysis to allow for direct comparisons of results and potential translation of these
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methods into other fungal taxa. Work by Lovett et al (in preparation) identified three major
classes of hydrophobins; Class 1 (Groups 10, 117, 118, 16, 26, 29, 34, 41, 79, 85, 86), Class 2
(Group 1, 92 and 69) and Class 3 (Group 47 and Group 82). Class 1 and 2 designations
associated to predefined hydrophobin classes 1 and 2, respectively, while Class 3 was defined
as a differentiated sub-classification of Class I hydrophobins (Lovett et al., in preparation). There
were also distinct classes defined as “unclassified grouped hydrophobins” (Group 5 and Group
111) and “Unclassified Ungrouped (UCU) hydrophobins” (Lovett et al., in preparation). At a 70%
overlap threshold, sequences within our groups formed three clusters that were assigned
separate numerical designations (Supplemental Fig 4.3). Cluster 1 adhered to the Class 2
organization defined by Lovett et al. (in preparation). Cluster 2 comprised the classes assigned
to Class 3 with the addition of Group 111. Cluster 3 matched most closely with the Class 1
designation, with the notable exceptions of Groups 26, 29, and 86 which, in our study, did not
have significant overlap with other groups. Group 5, previously defined as unclassified yet
grouped, also contained sequences primarily within its own designation in this study; Group 5
was also particularly notable as it was the most highly enriched group within Fusarium.
Lovett et al. (in preparation) identified multiple trends between taxonomy and lifestyle;
Group 47 was found across Hypocreales, Group 69 was identified across Ascomycota, and
Group 5 was primarily found in plant-associated fungi. That we identified these groups in our
targeted search within Fusarium aligns with the identity and lifestyle of the genus. Group 69 had
multiple indicator hydrophobins within the Lovett et al. (in preparation) study; Cryparin from
Cryphonectria parasitica and HFBI and HFBII characterized in Trichoderma reesei. These three
hydrophobins were implicated in pathogenicity (Kazmierczak et al., 2005), hyphal growth, and
sporulation, respectively (Askolin et al., 2005). TasHyd1 (Trichoderma asperellum) is a Class 1
hydrophobin functionally classified by Viterbo & Chet (2006) and served as the indicator protein
for Group 5 in the previous analysis by Lovett et al. (in preparation). Function of TasHyd1 was
implicated in hydrophobicity, plant adhesion, and pathogenesis; 2-day old mycelial cultures of
TasHyd1 deletion mutants exhibited hydrophilic behavior and spores had reduced ability to
attach to or germinate on cucumber roots (Viterbo & Chet, 2006). If general function can be
assumed from structural similarities, these very prevalent proteins may aid in plant colonization
within a genus such as Fusarium that is known for its abundance of phytopathogens. Notably,
Group 47 did not contain a known indicator hydrophobin protein, despite its broad association
across Order Hypocreales.
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Within the new groups identified within this study, cysteine structure differed from the
typical 8C backbone structure. Groups 200 and 201 most closely identified with the
Hydrophobin Class 2 Pfam model but showed a proliferation of the cysteine backbone. Instead
of 8 cysteine residues with two paired sets, these groups exhibited 18-24C with 3 or more
cysteine pairs and 18C with four cysteine pairs, respectively. Other patterns, such as those
observed in Group 203 (Hydrophobin Class 1), only added two single cysteine residues to the
traditional structure. The greatest divergence from the hydrophobin model could be seen within
Group 202; 22-25 independent cysteine residues were found across the sequence with no
tandem arrangement. These groups were considered as new due to their preferential
association to the Class models rather than an existing, defined motif.
Ungrouped sequences comprise another facet of this analysis that will benefit greatly
from a greater specificity in hydrophobin definition. That they were pulled into a group means
they adhere enough to defined motifs to be compiled into the list, but the lack of identity to other
sequences from the same group could suggest novelty and/or specialization. This may also be
in part due to species complex biases within this study. Group 29 was found within two species
from a single species complex; additional Group 29 proteins were identified but fell into the
Ungrouped designation due to low percent identity scores. An increased representation of
species within these complexes may increase the pairwise identity score and provide increased
accuracy in group definitions - or further highlight divergence. This approach likely highlighted
many truly unique sequences as reinforced by the presence of Ungrouped Group 5 and 69
proteins; these groups had at least one strict sequence identified within every Fusarium species
but also had sequences classified as ungrouped in select species.
The targeted nature of study and comparative permissiveness of original groups allowed
for identification of additional hydrophobin candidates within this study; where Lovett et al. (in
preparation) identified 5 hydrophobins in F. oligoseptatum (FOL) and F. floridanum (FFL), this
incorporation of group motifs allowed for an identification of 10 candidate sequences in both
species. Some of these new protein sequences may be more hydrophobin-like than true
hydrophobin, as evidenced by the protein sequence analysis of Group 111 within the AFC.
Casting a wider net with the inclusion of Group-specific models can increase resolution but also
warrants a closer look at individual candidates due to the potential for inter-cysteine homology
to draw in additional protein targets.
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Genus level studies may help refine the model for specifying hydrophobin structure and
examining function within groups. Furthermore, identification of motifs allowed broader targeting
of sequences. Further investigation is required to determine whether deviations in structure of
hydrophobin-like proteins still maintains hydrophobin-like assembly and function. As the
research surrounding hydrophobins continues, the definition for hydrophobins will likely continue
to evolve. As such, this approach could allow us to explore the boundaries of this definition by
identifying further sequences that may have convergently evolved a cysteine rich structure. Our
discoveries within the putative Group 111 hydrophobin-like proteins reinforce the necessity to
merge this approach with subsequent comparative analyses. Other observed trends in group
specificity – or in ungrouped hydrophobins – may be further resolved by examining homologous
proteins across Fusarium. This combined approach will likely shed further light on the
evolutionary origins and diversification of hydrophobins and hydrophobin-like proteins.
In its current state, these methods were able to resolve species and species-complex
patterns of proteins across our sampled species list and produce targets – such as Group 111
hydrophobin-like proteins, Group 16 hydrophobins, and the unique F. oligoseptatum Group 1
protein – that may play novel roles within phytopathogenic or mutualistic niches. The targeted
nature of a genus-wide search not only highlighted these patterns but allowed us to narrow in on
trends that connected protein sub-groups to species with novel phenotype, perhaps enhancing
connections to symbiotic adaptation. By exploring the function of FSSC and AFC-specific
proteins identified within this study, we may also be able to extend our understanding of the
mechanisms by which these fungi interact with their environment and, by extension, their insect
hosts.
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Table 4.1. Sampled Fusarium species, three letter abbreviations, and strain designations across proteome and genome accessions. Missing three
letter designations correspond to species for which no proteome was available and were therefore only present within genomic analyses.

Abbrev.

Species

NRRL / Strain

Species Complex (SC)

Source

Accession

FAM

F. ambrosium

NRRL 20438

F. solani SC (AFC, Clade 3)

NCBI

GCA_003947045.1

FEU

F. euwallaceae

NRRL 54722

F. solani SC (AFC, Clade 3)

NCBI

GCA_002168265.2

FFL

F. floridanum

NRRL 62606

F. solani SC (AFC, Clade 3)

NCBI

GCA_003947005.1

FOL

F. oligoseptatum

NRRL 62579

F. solani SC (AFC, Clade 3)

NCBI

GCA_003946995.1

-

F tuaranense [AF-5]

NRRL 46518

F. solani SC (AFC, Clade 3)

NCBI

GCA_013363205.1

FA6

F. sp AF-6

NRRL 62590

F. solani SC (AFC, Clade 3)

NCBI

GCA_003947015.1

-

F. obliquiseptatum [AF-7]

NRRL 62610

F. solani SC (AFC, Clade 3)

NCBI

GCA_013186425.2

FA8

F. duplospermum [AF-8]

NRRL 62584

F. solani SC (AFC, Clade 3)

NCBI

GCA_003946985.1

FA9

F. sp AF-9

NRRL 66088

F. solani SC (AFC, Clade 3)

NCBI / Proteome
Unpublished

GCA_013186415.1

-

F. drepaniforme [AF-10]

NRRL 62941

F. solani SC (AFC, Clade 3)

NCBI

GCA_012978555.1
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-

F. papillatum [AF-11]

NRRL 62944

F. solani SC (AFC, Clade 3)

NCBI

GCA_013186395.1

FKU

F. kuroshinum

NRRL 62957 / UCR3666

F. solani SC (AFC, Clade 3)

NCBI

GCA_003698175.1

FSO

F. solani

NRRL 66304 / FSSC 5
MPI-SDFR-AT-0091

F. solani SC (Clade 3)

NCBI

GCA_020744495.1

FME

F. metavorans

Strain ATCC MYA-4552

F. solani SC (Clade 3)

NCBI / Proteome
Unpublished

GCA_001633045.1

FVA

F. vanettenii

Strain 77-13-4

F. solani SC (Clade 3)

NCBI

GCA_000151355.1

-

F. protoensiforme

NRRL 22178

F. solani SC (Clade 3)

NCBI

GCA_011320165.1

-

F. neocosmosporellium

NRRL 22166

F. solani SC (Clade 3)

NCBI

GCA_006518225.1

-

F. haematococcum

BPI 881227 / Strain LQ1

F. solani SC (Clade 3)

NCBI

GCA_010015875.1

-

F. falciforme

NRRL 43529

F. solani SC (Clade 3)

NCBI

GCA_013363125.1

-

F. phaseoli

NRRL 22396

F. solani SC (Clade 2)

NCBI

GCA_013364925.1

-

F. virguliforme

NRRL 31041

F. solani SC (Clade 2)

NCBI

GCA_020883615.1

-

F. cuneirostrum

NRRL 31157

F. solani SC (Clade 2)

NCBI

GCA_001680505.1

-

F. illudens

NRRL 22090

F. solani SC (Clade 1)

NCBI

GCA_013623515.1
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FFJ

F. fujikuroi

Strain IMI 58289

F. fujikuroi SC

NCBI

GCA_900079805.1

FVR

F. verticilliodes

Strain 7600

F. fujikuroi SC

NCBI

GCA_000149555.1

FPR

F. proliferatum

Strain ET-1

F. fujikuroi SC

NCBI

GCA_900067095.1

FAC

F. acutatum

NRRL 13308

F. fujikuroi SC

NCBI

GCA_012932015.1

FGE

F. graminearum

NRRL 31084 / Strain PH1

F. sambucinum SC

NCBI

GCF_000240135.3

FPO

F. poae

NRRL 26941 / Strain
DAOMC 252244

F. sambucinum SC

NCBI

GCF_019609905.1

FVN

F. venenatum

Strain A3/5

F. sambucinum SC

NCBI

GCF_900007375.1

FOX

F. oxysporum

NRRL 32931

F. oxysporum SC

NCBI

GCF_000271745.1

FOD

F. odoratissimum

NRRL 54006

F. oxysporum SC

NCBI

GCF_000260195.1

FZE

F. zealandicum

NRRL 22465

F. staphyleae SC

NCBI

GCA_013266195.1

FAV

F. avenaceum

NRRL 26911 / Strain:
MPI-SDFR-AT-0044

F. tricinctum SC

NCBI

GCA_020744115.1

FTR

F. tricinctum

Strain: MPI-SDFR-AT0068

F. tricinctum SC

NCBI

GCA_020744515.1

FBE

F. beomiforme

NRRL 25174

F. burgessii SC

NCBI

GCA_002980475.2
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FAU

F. austroafricanum

NRRL 53441

F. concolor SC

NCBI

GCA_012932025.1

FAL

F. albosuccineum

NRRL 20459

F. decemcellulare SC

NCBI

GCA_012931995.1

FDE

F. decemcellulare

NRRL 13412

F. decemcellulare SC

NCBI

GCA_013266205.1

FHE

F. heterosporum

NRRL 20693

F. heterosporum SC

NCBI

GCA_013396295.1

FGR

F. graminum

NRRL 20692

F. heterosporum SC

NCBI

GCA_013266165.1

FCO

F. coffeatum

Strain: FIESC_28

F. incarnatum-equiseti SC

NCBI

GCF_003316985.1

FFLG

F. flagelliforme

NRRL 36269 / Strain:
FIESC 12 MPI-CAGE-AA0113

F. incarnatum-equiseti SC

NCBI

GCF_020744385.1

FSA

F. sarcochroum

NRRL 20472

F. lateritium SC

NCBI

GCA_013266185.1

FGD

F. gaditjirri

NRRL 45417

F. nisikadoi SC

NCBI

GCA_013266175.1

AX9

Ambrosiella xylebori

Bark Beetle Associates

Unpublished

CBR

Ceratocystiopsis brevicomi

Bark Beetle Associates

Unpublished

EVE

Esteya vermicola

Bark Beetle Associates

Unpublished
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GFR

Graphilbum fragrans

Bark Beetle Associates

Unpublished

LPR

Leptographium proccerum

Bark Beetle Associates

Unpublished

ONU

Ophiostoma novo-ulmi

Bark Beetle Associates

Unpublished

RL1

Raffaelea lauricola

Strain: 2.2AP

Bark Beetle Associates

Unpublished

RL2

Raffaelea lauricola

Strain: 570

Bark Beetle Associates

Unpublished

RAL

Raffaelea albimanens

Bark Beetle Associates

Unpublished

RAM

Raffaelea ambrosiae

Bark Beetle Associates

Unpublished

RAR

Raffaelea arxii

Bark Beetle Associates

Unpublished

RQU

Raffaelea quercivora

Bark Beetle Associates

Unpublished

RSU

Raffaelea sulphurea

Bark Beetle Associates

Unpublished
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Supplemental Data

Supplemental Figure 4.1. Inferred phylogenies for FlbA2, Atg15, Mes1, AbaA, and WetA across the
Fusarium sambucinum Species Complex (FSamSC), Fusarium chlamydosporum Species Complex
(FCSC), and Fusarium incarnatum-equiseti Species Complex (FIESC). Non-traditional conidial
morphology is designated within each tree and in the representative phenotypes (A-J).
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Supplemental Figure 4.2. Upset plot of group assignment and distribution across hydrophobin protein
sequences. Set size represents the number of identified proteins within each group, while the Intersection
size represents the number of samples within each vertical group or cross-group designation.
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Supplemental Figure 4.3. Overlap between group assignments and meta-group clustering by threshold.
Overlap is sorted by column designation (x-axis labels); Each column shows the representation within
that group of sequences also belonging to each of the groups along the vertical axis.

Supplemental Table 4.1. The number of hydrophobin candidate proteins called by multiple group motifs
and the overlapping designations.
Group Overlap
Group 69, Group 92, Group 1, Hydrophobin II
Group 111, Group 47
Group 85, Group 10, Group 41, Group 34, Group 16, Group 117, Hydrophobin I
Group 118, Group 79, Group 117, Group 47, Hydrophobin I
Group 82, Group 111, Group 47
Group 118, Group 79, Group 117, Hydrophobin I
Group 117, Group 5
Group 85, Group 10, Group 41, Group 34, Group 16, Hydrophobin I
Group 34, Hydrophobin I
Group 26, Group 85, Group 10, Group 41, Group 34, Group 16, Group 117,
Hydrophobin I
Group 26, Group 85, Group 10, Group 41, Group 34, Group 79, Group 16,
Group 117, Hydrophobin I
Group 26, Group 85, Group 10, Group 41, Group 79, Group 117, Group 111,
Hydrophobin I
Group 82, Group 118, Group 79, Group 117, Group 111, Hydrophobin I, Group
47
Group 1, Hydrophobin II

Number
74
31
9
9
8
7
4
3
2
2
2
2
2
2
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Supplemental Figure 4.4. Complete Fusarium phylogeny for AbaA.
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Supplemental Figure 4.5. Complete Fusarium phylogeny for Mes1.
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Supplemental Figure 4.6. Complete Fusarium phylogeny for WetA.
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Supplemental Figure 4.7. Complete Fusarium phylogeny for Atg15.
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Supplemental Figure 4.8. Complete Fusarium phylogeny for FlbA2.
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Chapter 5. Conclusions and Future Perspectives
Conclusions
An in-depth examination of mycangial morphogenesis across development has altered our
perspective on mycangial development between sexes in Euwallacea. This not only provided
the first example of a rudimentary mycangia-like structure within the male Euwallacea validus
head, but also informed our understanding of prospective developmental regulators.
Furthermore, this assay across wildtype insects confirmed the validity in applying nondestructive techniques to mycangial visualization. This µCT scanning approach was able to
unify independent observations of paired pouches within the head. Microtome work captured a
laterally organized pouch but the destructive nature of the technique obscured additional context
of its orientation when viewed alone. Our staining and micro-computed tomography scanning
technique was able to reliably discern fine internal structure, even in soft bodied life stages. By
employing standardized scanning techniques, µCT methods also open the way for comparative,
volumetric analyses between samples in future work.
These findings were extended to the analyses of Chapter 3. The presence of male
protomycangia suggested this trait was not sexually dimorphic; knock down of the sex
determination gene doublesex (dsx) did not inhibit mycangial morphogenesis or appear to
impact the maturity of the structure, further supporting this observation. However, breathless
(btl) and trachealess (trh) dsRNA-injections produced a subset of eclosed adults that did not
develop the central paired mycangia, suggesting these genes may be required for
developmental initiation of this structure. qPCR across life stages and sexes showed increased
dsx expression in the abdominal section while btl and trh were expressed across development,
often in higher relative quantity within the head. This sustained expression - especially across
the pupal stage wherein mycangia develop - in conjunction with our phenotypic results from
RNAi studies provide evidence of the potential involvement of these candidates in the regulation
of mycangial morphogenesis. These findings have taken the first step in identifying the cooption of developmental processes into the formation of preoral mycangia in E. validus.
In examining the contributions of conidiogenesis genes to the novel clavate phenotype of
beetle-associated Fusarium species, phylogenetic resolution of Atg15, AbaA, WetA, FlbA1, and
FlbA2 did not show overt evidence of sequence-based divergence between species producing
clavate and fusiform macroconidia. Mes1 contains a single amino acid mutation that alters side
chain properties across fusiform-producing species and F. kuroshium, but impact to structure
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and function has not been assessed. However, these and other conidiogenesis pathway gene
candidates may still contribute to spore morphology through altered expression across
phenotype.
In our identification and examination of hydrophobin proteins, we were able to resolve
groups of hydrophobins across the Fusarium genus that align with the patterns across
Hypocreales, Ascomycota, and other phytopathogens as identified by Lovett et al. (in
preparation). Our most interesting discovery rests, possibly, in the identification of what initially
appears to be a set of Group 16 hydrophobins specific to the clavate spore-producing species of
Clade B within the AFC. Additional hydrophobin-like candidates were found within the Fusarium
solani species complex (FSSC); Group 111. By partnering our proteomic analysis with genomic
resources, we were able to resolve orthologs across Fusarium that deviate from the cysteine
rich structure observed within the FSSC. This may be an example of convergent evolution
towards a hydrophobin-like protein. Finally, an ungrouped Group 1 protein within F.
oligoseptatum highlights a connection between another Group 1 hydrophobin (cerato-ulmin) that
functions as a parasitic fitness factor for Dutch Elm Disease (Stringer & Timberlake, 1993). As
discussed in Chapter 4, there is evidence in other systems for interactions with pathogenic
proteins to act as positive modulators of host response within mutualisms (Koropatnick et al.,
2014). Symbiotic organisms also need to detect and respond to their partners within the
environment. Hydrophobins are small, secreted proteins that aid filamentous fungi in interfacing
with their environment; for F. oligoseptatum, that means both the tree environment and their
beetle partners. Hydrophobins also have known associations with spores to aid in dormancy
and adherence. A further investigation into the role of unique hydrophobins within the AFC may
provide the mutualistic context needed to resolve what, if any, role these small, secreted
proteins may play in spore morphology and symbiont communication.

Future Perspectives
Continuing Initiatives
Several supplemental projects were undertaken alongside the research featured in this
dissertation but were not proposed under the scope of this work. It is my hope that these
avenues will be continued to flesh out the establishment of the Euwallacea-Fusarium research
system as a laboratory model for evolutionary developmental genetics.
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Given the phenotypic and qPCR expression results from the functional gene analyses in
Chapter 3, RNA probes for in situ hybridization were designed to localize expression of each
candidate gene within the beetle head. The regions targeted in the RNAi experiments were
extended to 300 nt in length for adequate probe signal during hybridization. Probe sequences
were confirmed by sequencing and amplified again using extended primer sets (Table 5.1) to
add restriction enzyme sites and T7 promoter sequence for extraction and ligation between
vectors and subsequent sense and antisense run-off dig-11-UTP labeling of RNA probes.
Pupae and early adult female E. validus were retrieved from the tree environment and fixed
overnight in 2% PFA before being taken through a methanol gradient for storage and can be
utilized for cryosectioning and subsequent hybridization.
Table 5.1. Primer sequences for in situ hybridization RNA probes; S1 represents primers for amplification
of sense probes and S2 for antisense probes.
Primer

Sequence

dsx S1 Probe F: SphI + T7 + DSX

ATGGCATGCTAATACGACTCACTATAGGGTACCGCTC
GTGCAAGTGTC

dsx S1 Probe R: DSX + EcoRV + KpnI

ATGGGTACCGATATCTGGGCATGGAGGTACTAGTTG

dsx probe S2 F: SphI + EcoRV + DSX

ATGGCATGCGATATCTACCGCTCGTGCAAGTGTC

dsx probe S2 R: DSX + T7 + KpnI

ATGGGTACCTAATACGACTCACTATAGGGTGGGCATG
GAGGTACTAGTTG

btl probe S1 F: SphI + T7 + BTL

ATGGCATGCTAATACGACTCACTATAGGGCTTCCAGC
AAACGCAGTG

btl probe S1 R: BTL + EcoRV + KpnI

ATGGGTACCGATATCCATTGTTTGCCTGCGCTT

btl probe S2 F: SphI + EcoRV + BTL

ATGGCATGCGATATCCTTCCAGCAAACGCAGTG

btl probe S2 R: BTL + T7 + KpnI

ATGGGTACCTAATACGACTCACTATAGGGCATTGTTTG
CCTGCGCTT

trh probe S1 F: SphI + T7 + TRH

ATGGCATGCTAATACGACTCACTATAGGGTCACCAGG
AAGTGGTTCATA

trh probe S1 R: TRH + EcoRV + KpnI

ATGGGTACCGATATCCACGCTAGGAGAAGGTAAAG

trh probe S2 F: SphI + EcoRV + TRH

ATGGCATGCGATATCTCACCAGGAAGTGGTTCATA

trh probe S2 R1: TRH + T7 + KpnI

ATGGGTACCTAATACGACTCACTATAGGGCACGCTAG
GAGAAGGTAAAG
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Despite using low-volume injections for dsRNA delivery, insects suffered high mortality
in gene targets and negative control injections alike. Ingestion of dsRNA is one technique to
confer RNAi while avoiding cuticular damage but has been associated with reduced efficacy of
genetic knock down in some insects (Laudani et al., 2017). In an obligate nutritional symbiosis,
feeding of dsRNA could be conferred through fungal transformation and expression of short
hairpin RNA. Trans-kingdom RNAi has been proposed in cancer research for suppression of
target genes within intestinal polyps by conferred shRNA through E. coli carriers (abstract by
Vase et al., 2012). This phenomenon also occurs naturally between some phytopathogenic
fungi and their plant hosts (Hua et al., 2018).
By expressing short hairpin RNA within fungi under constitutive promoters, it is my hope
that oral uptake of shRNA may reduce the physical damage and secondary infection observed
during injections while still significantly reducing target gene expression throughout
development. In tandem with the work presented in this dissertation, constructs were designed
for each candidate gene present in the Chapter 3 functional analysis (doublesex, trachealess,
and breathless) to express 25 bases in a paired stem loop structure with flanking arms (Fig 5.1).
These short hairpin constructs were designed to be continuously driven by the Fusarium
oligoseptatum glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) promoter and are
followed by the F. oligoseptatum GAPDH terminator sequence. This promoter-shRNAterminator region was synthesized through GenScript plasmid synthesis for the first target, dsx,
in the supplied pBC-hygro vector for chloramphenicol selection during bacterial replication and
hygromycin selection for fungal transformants. Subsequent targets, and a yfp negative control,
were synthesized as shRNA fragments through the Invitrogen GeneArt Synthesis service. Both
initial dsx-shRNA plasmid and subsequent individual shRNA constructs were designed with
flanking restriction enzyme sites (KpnI, SphI) for replacement of each synthetic shRNA region
between promoter and terminator regions in the modified pBC-hygro vector.
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Figure 5.1. Predicted structure of shRNA constructs for trans-Kingdom RNA Interference of A) dsx, B) btl,
C) trh, and D) negative control in Euwallacea validus.

These constructs still need to be transformed into the fungal symbiont, Fusarium
oligoseptatum, and transformants evaluated through PCR screening. Once successfully
transformed colonies have been generated and cultured, larval feeding experiments will need to
evaluate efficiency of conferred RNAi. If successful, this method may provide a more reliable
delivery system for RNA Interference and functional gene analysis and additionally provide a
Fungal-Insect protocol for Trans-Kingdom RNAi.

Future Objectives
In continuing our examination of mycangia, verifying the function of the secondary lateral
pouches within the E. validus head would answer pressing questions about not only the identity
of this structure, but also may generate additional clues as to its patterning. Dissection of the
head may be the simplest way to separate potential propagules from the superior, medial
mycangia. Partitioning of symbionts is supported in other ambrosia beetles, as discussed in
Chapter 3; whether these primary and secondary symbionts associate within the same pouch or
in separate structures could also elucidate information surrounding the regulation and specificity
within structures.
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Co-option of existing developmental genes to form novel structures has been illustrated
repeatedly, as discussed in Chapter 1, as a mechanism to utilize an existing tool set to create
new shape or function. By beginning to understand the shared processes used to pattern novel
traits, we can take full advantage of a rich, diverse system such as the ambrosia symbioses to
better understand how nutritional mutualisms may drive the evolution of symbiosis-associated
organs such as mycangia.
In continuation of this work, more components of this novel gene regulatory network
need to be identified. A straightforward method may be to evaluate downstream targets within
salivary gland and tracheal morphogenesis. This objective may also be clarified through
transcriptomic analysis of beetle heads across pupation. In this novel GRN, development of this
organ must be directed by genes that specify location of development for early placode
development. It is also likely that the mycangium pouch undergoes some degree of apoptosis to
form the mature mycangial lumen. As mentioned throughout this paper, an informed picture of
symbiont-driven evolution also requires requisite investigations in other distinct origins of the
structure. As we enhance our understanding of the novel gene regulatory network behind the
development of mycangia in Euwallacea validus, expanding this line of inquiry to other species
with pre-mandibular mycangia, with mesonotal mycangia, and beyond could answer whether
similar targets have been co-opted across independent origins of mycangia.
Furthermore, the genetic origin of novel fungal phenotypes has yet to be uncovered. The
link between sterol aggregation and conidial shape in Mes1 knockouts provides a compelling
connection between aberrant phenotype and nutrient density; extending expression analyses, or
even filipin staining of spores (as described by Pearson et al., 2004), may be the next step in
elucidating the genetic mechanisms behind the evolved clavate form. Our findings surrounding
novel hydrophobin candidates also bear interesting connections between novelty within the
FSSC, the AFC, and symbiosis. The true challenge lies in adapting these findings to functional
analyses; as so few of these proteins are characterized, function cannot be inferred by
annotation. The lack of hydrophobin functional characterization within mutualistic contexts also
impair inference of potential context-specific functions. Despite the current gaps in knowledge,
making connections between class, role, and taxonomic group is an exciting first step in
increasing our understanding in diversity of these small, secreted proteins.

99

References
Hua, C., Zhao, J. H., & Guo, H. S. (2018). Trans-kingdom RNA silencing in plant–fungal
pathogen interactions. Molecular plant, 11(2), 235-244.
Koropatnick, T., Goodson, M. S., Heath-Heckman, E. A., & McFall-Ngai, M. (2014). Identifying
the cellular mechanisms of symbiont-induced epithelial morphogenesis in the squidVibrio association. The Biological Bulletin, 226(1), 56-68.
Laudani, F., Strano, C. P., Edwards, M. G., Malacrinò, A., Campolo, O., Abd El Halim, H. M., ...
& Palmeri, V. (2017). RNAi-mediated gene silencing in Rhynchophorus ferrugineus
(Oliver)(Coleoptera: Curculionidae). Open Life Sciences, 12(1), 214-222.
Lovett, B., Kasson, M., & Gandier, J. A. (in preparation). Cataloging an expanded hydrophobin
repertoire across ecologically and phylogenetically diverse fungi.
Pearson, C. L., Xu, K., Sharpless, K. E., & Harris, S. D. (2004). MesA, a novel fungal protein
required for the stabilization of polarity axes in Aspergillus nidulans. Molecular biology of
the cell, 15(8), 3658-3672.
Stringer, M. A., & Timberlake, W. E. (1993). Cerato-ulmin, a toxin involved in Dutch elm
disease, is a fungal hydrophobin. The Plant Cell, 5(2), 145.
Vaze, M. B., Wu, T., Seth, S., Templin, M., & Polisky, B. (2012). Engineering of trans kingdom
RNAi (tkRNAi) against gastrointestinal polyps.

100

